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Abstract

Objective. The objective of my Ph.D. project is to explore how visual impairment influences
brain development during both awake and sleep states. Moreover, it examines the role of
blindness and sleep in the neural processing of multisensory and spatial information in
infants.

Approach. The primary technique employed in this research is electroencephalography
(EEQG), a non-invasive method that records the brain’s electrical activity. EEG allows us to
observe spontaneous electrical fluctuations generated by neural networks, providing valuable
insights into brain functions. It remains one of the best techniques for studying brain activity
in children due to its high temporal resolution and ability to capture neural activities and
oscillations associated with various processes in near-ecological conditions. Four experiments
were conducted using EEG recordings to address the research questions. Additionally, due to
the lack of devices available for multisensory stimulation in children during EEG recordings
and to overcome the limitations of existing devices, a new device was developed.

Main results. The findings indicate that the development of background brain activity
during wakefulness differs between severely visually impaired (SVI) and sighted children.
These differences, primarily involving the alpha rhythm (8-12Hz), increase the likelihood
of motor disorders in the SVI group. While deviations from the typical development of
the alpha rhythm become evident from age three, differences in the development of sleep
spindles appear earlier. Sleep spindles, particularly fast spindles (13-16Hz), evolve alongside
brain maturation and serve as markers of sensory information processing and consolidation
during sleep. My research identified a decrease in fast spindle power in the sleep patterns of
SVI children, devoid of the typical maturational decline. Reduced spindle power increases
the risk of perceptual impairments within the first three years of life and heightens the
likelihood of motor disorders from the fourth year onwards. These findings suggest that
differences in multimodal responses observed in visually impaired infants compared to
sighted peers may be partially attributed to mechanisms occurring during sleep, which favors
the consolidation of more salient daily experiences. Early blindness leads to a prioritization

of tactile cues over acoustic ones, also affecting sensory processing in non-canonical postures.
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Indeed, blind children rely on bodily coordinates during their early years, prioritizing tactile
spatial information, whereas sighted children transition towards an external reference frame,
emphasizing environmental cues such as auditory information. Preliminary investigations
into the effect of sleep on audio and tactile modulation of the alpha rhythm indicate that sleep
enhances this difference in sensory preference, underscoring its crucial role in early sensory
processing.

Significance. Neurophysiological differences between blind and sighted children can be
interpreted within a broader context of divergent brain development, particularly concerning
thalamocortical activity, which may represent the early impacted mechanisms. Highlighting
these early impacted neural mechanisms is crucial for timely intervention during rehabil-
itation. Furthermore, enhancing the availability of devices for investigating these neural
mechanisms could provide future insights, facilitating more precisely targeted individual

rehabilitation.

Key-words: Brain Development; Blindness; EEG; Multisensory; Sleep; Sensorimotor.
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Chapter 1
Introduction

Our senses constantly provide signals that contribute to the creation of a coherent
representation of the external world. However, sensory systems are not mature at birth and
undergo specific fine-tunings during the earliest stages of life. For instance, sensory
perception is noisier with imprecise predicted sensory feedback mechanisms (Gori et al.,
2012c; Meredith et al., 2018; Nardini et al., 2010), and different perceptual skills develop at
different times within the same sensory modality (Gori et al., 2021, 2012a). This
developmental timeline is asynchronous between modalities. As such, at a given time in
childhood, the computation needed to discriminate a specific feature might be mature in a
particular sensory modality but not the other, creating a discrepancy between percepts in
each modality. Therefore, the least error-prone sense seems to become a priority to resolve
this conflict and reduce ambiguity. Then, the continuous interaction among the senses
enables their mutual refinement, fostering the acquisition of all the abilities essential for
perceiving a unified multisensory environment. The development of these multisensory
abilities implies a complex brain maturation process, which requires the involvement of
different cerebral areas, the formation of new neural networks, and the evolution of brain
rhythms. Furthermore, during sleep, the sensory information acquired while awake is
reprocessed and consolidated trough the formation and destruction of new neural synapses
(Cirelli, 2013). This reprocessing favors the child's maturation and the acquisition of
multisensory and sensorimotor skills (Fernandez and Luthi, 2020; Jaramillo et al., 2023,;
Tamaki et al., 2008). Indeed, an extended neural network is activated during sleep, favoring
brain plasticity (Brzosko et al., 2019; Jones, 2020). Sleep-dependent neuromodulation
promotes local effects on specific sensory systems and global effects on overall nervous
system function. These effects foster the development of sensory systems, possibly
incorporating memories from everyday sensory experiences.

What happens to multisensory skills when one sense is missing, as in the case of
blindness? To what extent does the absence of vision impact the mechanisms of brain
development? What is sleep's role in constructing a multisensory representation of the world,
and how does this role change in the absence of vision?



1.1 Brain development 3

The main aim of the thesis is to deepen how blindness affects the brain's multisensory
processes during wakefulness and sleep. Chapter 2 of the thesis investigates how blindness
affects the maturation of brain rhythms during wakefulness and sleep. Specifically, some
brain processes crucial during childhood are considered to identify when blind children show
a deviation from the typical developmental trajectory. Chapter 3 of the thesis investigates
how blindness impacts the sensory neural processing of acoustic and tactile information in
the first years of life and the role of sleep in sensory reprocessing. Chapter 4 of the thesis
shows a new technological solution to investigate multisensory neural processing in children
and the reliability value in children’s EEG studies.

To reach its goal, this project involves studying and comparing different developmental
mechanisms in blind and sighted children, specifically awake brain rhythm, sleep brain
rhythm, and multisensory skills maturation. Subsequently, | preliminary investigate all these
factors in order to understand their mutual relationship. The final considerations are linked
to the technological and research evolution involving our future research.

Literature concerning the development of awake and sleep brain mechanisms, as well as
the evolution of multisensory processing, shows which are the typical maturational processes
that occur in childhood. Subsequently, in my experiments, | introduce the effect of the
absence of vision within this complex intersection. The project aims to understand from a
more comprehensive point of view how blindness impacts the child's development. From a
clinical perspective, this understanding can help set up effective rehabilitation strategies to
improve impaired multisensory skills in blind children.

1.1 Brain development

The brain undergoes a remarkable journey of development from birth through adolescence.
This complex process involves intricate molecular, cellular, and structural changes that lay
the foundation for sensorimotor and cognitive functions (Shonkoff and Phillips, 2000).
Comprehending the typical brain developmental trajectory is essential for understanding
when a deviation from that occurs. This chapter explores the multifaceted landscape of brain
development, with a particular focus on the brain rhythms in the first decade of life. After a
brief introduction to brain activity, the first part shows the maturation of neural activity
rhythms during wakefulness. The second part delves into the brain patterns that characterize
sleep.

1.2.1 The electrophysiological activity of the developmental brain

From the early stages of neurogenesis to the sculpting of neural circuits through
synaptogenesis and pruning, the brain undergoes a dynamic transformation that shapes an
individual's sensorimotor and cognitive abilities (Shonkoff and Phillips, 2000). To gain
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deeper insights into this process, | focus on the realm of neurophysiology, specifically using
the electroencephalography (EEG) technique, which provides a unique way to understand
the evolution of neural activity during early development. EEG is a non-invasive technique
that records the brain's electrical activity with higher temporal resolution. It allows us to
observe the spontaneous electrical fluctuations generated by neural networks, as well as the
brain response to stimuli, providing valuable information about brain function. To date, EEG
remains one of the best techniques for studying brain activity in children (Bell and Cuevas,
2012).

One of the key features revealed by EEG is the presence of rhythmic patterns in the
electrical activity of the brain. Typical oscillations are associated with different cognitive
processes and states of consciousness. Theta, alpha, beta, gamma, and delta oscillations, for
instance, are indicative of various mental states, including relaxation, arousal, and deep sleep
(Buzséki and Watson, 2012). Indeed, different oscillations play a causal role in different
processes when the working brain is considered as a network. Therefore, cross-frequency
interactions can inform how signal gating and inhibitions are allowed (Jensen and Mazaheri,
2010). Moreover, when sensory stimulation is applied, the generators of these rhythmic
activities are coupled and act together in a coherent way, giving rise to event-related
potentials (ERPs). ERPs can be regarded as originating from the reorganization of the
spontaneous EEG in response to specific stimuli, offering a glimpse into the functional
integrity of sensory pathways (Sur and Sinha, 2009). Understanding the maturation of these
brain activities can shed light on the development of sensorimotor, attention, and overall
cognitive abilities (Kandel et al., 2021). The first ten years of life witness significant
milestones in their maturation, from the early emergence of basic sensory responses to the
refinement of complex cognitive processing. In the following paragraphs, I illustrate how
the wakefulness brain activity matures.

2.2.1 The maturation of neural rhythms during wakefulness

During everyday activities, our brain is continuously stimulated by signals coming from the
external world. These random inputs keep thalamic and specific cortical cells in a
depolarized state, generating the typical rapid rhythmic activity that characterizes the
wakefulness state (Lopes da Silva et al., 1973). The primary cerebral rhythm is represented
by alpha activity. It exhibits a typical locoregional distribution in the temporal-parietal-
occipital area and demonstrates strong reactivity: it manifests as a synchronized rhythm
during relaxed vigilance with closed eyes, which attenuates upon eye-opening, as well as
during mental activity, sensory stimuli, etc. (Niedermeyer, 1997). In adults, alpha frequency
fluctuates between 8 and 12 Hz, albeit this frequency changes during development.

In the early stages of life, slow oscillations characterize the neonatal brain, suggesting an
initial phase of neural network organization. With the progression into childhood, alpha and
beta rhythms become more prominent, reflecting the maturation of sensorimotor, attentional,
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and high-cognitive processes (Angelini et al., 2023; Basar and Schiirmann, 1994; Hofstee et
al., 2022; Klimesch et al., 1997, 1993; Kwok et al., 2019; Vollebregt et al., 2015). Two
different hypotheses have been presented about the effect of age on brain rhythms. The first
one claims that the brain oscillations maintain the same frequency band playing, to some
extent, the same functional role from the earliest stages of life (i.e., fixed bands hypothesis),
(Basar-Eroglu et al., 1994; Basar, 2012; Basar and Bullock, 1992; Kolev et al., 1994;
Yordanova and Kolev, 1996). Following this hypothesis, children under three years old show
little spontaneous brain activity in the typical alpha frequency range. As they grow, alpha
activity increases, manifesting earlier in the posterior regions and only later spreading to the
frontal ones, becoming accentuated in elderly subjects (Basar and Bullock, 1992). This
topographical shift matches brain area development: the rapid phase of synaptic growth is
short and occurs early in the sensory areas (e.g., the visual cortex), while the association
areas (e.g., the prefrontal cortex) take longer to mature. Sensory areas continue developing
until age two or three, while association areas keep growing until age ten.

The second hypothesis, and the most accredited one, claims that a specific functional role
Is mediated by EEG bands shifting towards high frequencies with increasing ages (i.e.,
shifting bands hypothesis), (Mcsweeney et al., 2023; Niedermeyer, 1997; Stroganova et al.,
1999). Thus, in early life, the alpha rhythm is slower than the conventional alpha band and
tends to speed up with age. Initially, around 4 months old, a precursor of the alpha rhythm
emerges with oscillations around 4Hz. Over time, its frequency gradually increases, reaching
6-8 Hz by the end of the third year. Between 3 to 5 years old, this rhythm stabilizes at 8 Hz
but can occasionally be interrupted by slower wave sequences. Finally, the alpha rhythm
continues to mature, resembling that of adults more closely, reaching a nearly complete
maturation around age 16 (Marcuse et al., 2008). This shift to faster frequencies reflects the
maturation of neural networks, which undergo significant changes in the myelination and
modeling processes during development. Brain maturation is also manifested in the variation
of alpha power: as we grow, the relative alpha power increases, mirroring structural changes
in thalamocortical connectivity, while the overall alpha oscillatory power decreases due to
synaptic pruning processes (Cragg et al., 2011; Mcsweeney et al., 2023; Trondle et al., 2022;
Whitford et al., 2007). Changes in the development of neural networks are also manifested
in ERPs. For example, how alpha activity reorganizes itself after receiving sensory input
shows how our information-processing abilities change as we get older (Yordanova and
Kolev, 1997, 1996). Different brain rhythms occur in specific frequencies across various
brain regions, speeding up internal communication and facilitating the transmission and
processing of information (Basar and Bullock, 1992). This ability to reorganize the ongoing
brain oscillations during stimulus processing reflects the development of brain maturation.
For instance, three-year-old children did not consistently show alpha frequency components
in the evoked auditory and visual potentials, and even those who do struggle to synchronize
it with the stimulus (Basar-Eroglu et al., 1994; Basar et al., 1997; Kolev et al., 1994). During
the school-age period, the alpha responses in children become stronger (increasing with age)
but remain lower phase-locking than adults, as well as it is maximal over the posterior site
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rather than central/frontal area (Basar et al., 1997; Yordanova and Kolev, 1996). These
differences gradually diminish with age, although the alpha response system is not complete
at the age of 11. The developmental dynamics of the alpha-band power imply that the activity
or number of neurons involved in the alpha system changes with age.

Although the neurophysiological system involved in the genesis of alpha rhythm is not
fully clear, its origin has been typically associated with a cortical origin, emerging by the
activity of cortico-cortical networks (Lopes da Silva et al., 1973; Salvador et al., 2013),
thanks to the firing of the intrinsically rhythmic neurons (Silva et al., 1991). However, an
involvement of cortico-thalamic reverberating circuits in the generation of alpha activity was
also hypothesized (Andersen and Andersson, 1968; Andersson and Manson, 1971) and
demonstrated (Ching et al., 2010; Hughes and Crunelli, 2007), suggesting a thalamus
influence in the activity of the corresponding cortical areas. Further evidence indicates that
alpha generators should be extended to other structures, including the brainstem and
hippocampus (Babiloni et al., 2009; Basar, 2012). The maturation of this distributed alpha
system, which regulates the brain states, leads to changes in alpha activity observed with
age, both during spontaneous and reorganized brain activity. Indeed, this distributed alpha
system works under the “excitability of brain tissue” principle. Thus, if a neural population
is able to show spontaneous activity in a given frequency range, then this neuronal group
can be brought to a state of excitement in the same frequency range by sensory stimuli (Basar
and Bullock, 1992). As a result, a shift towards faster frequencies with development will
characterize both spontaneous and reorganized activity. On the contrary, slow activity will
become less present in waking activity (Petersén and Eeg-Olofsson, 1971), remaining a
specific physiological feature of sleep state.

3.2.1 The development of the sleeping brain

As the brain drifts into slumber, a gradual shift occurs in its electrical activity. The fast, low-
amplitude neural oscillations begin to wane, giving way to slower, more rhythmic waves.
The bustling activity of alpha and beta waves gradually gives way to the smoother patterns
of theta and delta waves, sometimes organized in specific sleep patterns (e.g., slow waves
and spindles). The electrical activity is transitioning from a busy state to a more relaxed one,
ultimately leading to sleep. Indeed, this transition state is first characterized by a reduction
of alpha activity, which changes unevenly depending on the brain region (Kalauzi et al.,
2012). Initially, there is a reduction in prefrontal cortex activity, specifically associated with
alertness. Then, further alpha activity decreases in the frontoparietal associative cortices
occur. This decline reflects the diminishing engagement of higher cognitive functions at the
beginning of the sleep onset. The primary sensory areas are affected only by progressing
toward deeper sleep stages (Braun et al., 1997; Maquet et al., 1997). With this progression
from drowsiness to deep sleep, we face the second phenomenon that characterizes the
transition phase: an increase in the slower frequencies. Similar to the decrease in alpha
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activity, the increase in slow waves shows a different regional distribution with an
anteroposterior gradient at the onset of sleep. They appear first in the frontocentral regions
(Marzano et al., 2013) and later in the posterior brain areas. Supporting such a temporal
segregation of brain areas in the transition process, a study demonstrated the existence of
two types of slow waves with different characteristics and spatial distribution processes that
sequentially come into play during the transition to sleep (Siclari et al., 2014). However, the
temporal dissociation of the two slow-wave synchronization processes in the falling asleep
period is not yet present in young children (Spiess et al., 2018). This less structuring of sleep
patterns, already evident in the transition phase, also occurs at the micro and macrostructural
level and is related to an incomplete maturation of the sleep neural networks. Indeed, as
during wakefulness, many changes occur in the sleeping brain in the first decade of life.
Below, | delve into how sleep is characterized and how its specific structure is achieved
during development.

At the macrostructural level, sleep is organized in cycles that repeat throughout the night.
These cycles consist of different stages, including non-rapid eye movement (NREM) and
rapid eye movement (REM) sleep. Each cycle typically has three NREM stages (N1, N2,
N3) and one REM stage (Berry et al., 2020). Five cycles per night typically occur, but the
relationship between NREM and REM stages is variable during the night. Deep sleep
predominates in the first sleep cycles and then decreases, while the REM stage prevails in
the last cycles (Le Bon, 2020). The total sleep time and the definition of the different sleep
stages change with age, reflecting the crucial role of sleep in optimal brain development
(Roffwarg et al., 1966). At birth, infants spend more hours sleeping than awake. Then, the
total sleep time decreases, and the sleep period gradually consolidates during the night.

Meanwhile, also the distribution of sleep stages undergoes a maturational process, with a
decrease in the intensity of slow wave activity (SWA), which characterized the N3 deep
sleep, and a decline in the time spent in REM sleep (Eisermann et al., 2013; Galland et al.,
2012; Scholle et al., 2011). Specifically, at 3 months of age, NREM and REM sleep stages
are evenly distributed during the night (Yoshida et al., 2015), and most sleep onset is REM
sleep. The shift from REM to NREM sleep onset occurs during infancy. At 6 months of age,
NREM sleep is prevalent at the beginning of the night, while REM sleep occurs later. By
around 1 year old, REM sleep decreases to about 30% of total sleep time; by age 5, it is
around 20-25% (Grigg-Damberger, 2017). While REM sleep decreases, the percentage of
NREM sleep increases with the N3 that occupies a greater proportion in infancy and early
childhood (Scholle et al., 2011). From ages 5 to adolescence, the amount of REM sleep stays
fairly steady, but there is an increase in N2 sleep and a decrease in N3 sleep (Peirano and
Algarin, 2007; Scholle et al., 2011). The sleep EEG power spectrum also has a similar
evolution during sleep; it evolves in keeping with maturation and neurodevelopmental
milestones reflecting the activity of sleep microstructure. Indeed, during these dynamic
changes in sleep cycle development, specific sleep patterns gradually shape, characterizing
the sleep microstructure.
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At the microstructural level, each sleep stage is characterized by specific sleep EEG
patterns (Berry et al., 2020). The N1 manifests the VV waves. They are sharply contoured
waves distinguishable from the background activity, already characterized by a
reduction/absence of dominant alpha rhythm. The N2 is defined by the appearance of K
complexes and sleep spindles. The first one is a negative sharp wave followed by a positive
component. In turn, the sleep spindle is a train of distinct sinusoidal waves that oscillate in
the sigma band (10-16Hz). The N3 is characterized by the presence of SWA, consisting of
slow-frequency waves oscillating in the delta band (0.5-4.75Hz) with high amplitude.
Finally, the REM stage shows the sawtooth waves, an EEG hallmark composed of trains of
sharply contoured or triangular waves. They are distinguishable from a low-amplitude,
mixed-frequency background activity.

The first sleep EEG pattern that matures after birth is sleep spindles. Sleep spindles mirror
the activity of the thalamocortical circuit (Fernandez and Liithi, 2020; Halassa and Kastner,
2017; Steriade, 1999) and undergo important changes in the early life (D’ Atri et al., 2018;
Kwon et al., 2023). Spindles are typically evident by 3 months of age (Eisermann et al.,
2013; Jenni et al., 2004; Sankupellay et al., 2011), and their synchronization increases during
the first year of life, becoming bilateral symmetric by 2 years of age. Like adults, sleep
spindles in children can occur independently at two different frequencies and topographies.
Slow spindles oscillate in the low-sigma band (10-13 Hz) and prevail in the frontal area
(Chatburn et al., 2013; Clemens et al., 2005; Doucette et al., 2015; Gruber et al., 2013;
HoedImoser et al., 2014; Kurdziel et al., 2013; Tarokh et al., 2014). In turn, fast-spindles
oscillate in the high-sigma band (13-16 Hz) and prevail in the central area (Barakat et al.,
2011; Chatburn et al., 2013; Jaramillo et al., 2023; Schabus et al., 2007; Tamaki et al., 2008).
Slow and fast spindles' different evolution reflects the maturation of their respective neural
generators (D’Atri et al., 2018; McClain et al., 2016; Ricci et al., 2021; Shinomiya et al.,
1999). In detail, the fast frequencies increase through a child's first 6 months, while the slow
frequencies become less common (Louis et al., 1992). From 1 to 4 years of age, the slow
spindles reverse this tendency and increase in density (D’Atri et al., 2018) while the fast
spindles density decreases (D’Atri et al., 2018; Page et al., 2018). Afterward, fast spindles
linearly increase until adolescence, while slow spindles decline with a sudden increase
during puberty (Campbell and Feinberg, 2016; Shinomiya et al., 1999). The two types of
spindles are also associated with different functional skills: slow spindles characteristics
better reflect the high-level cognitive functions (e.g., intelligence and declarative learning),
(Chatburn et al., 2013; Clemens et al., 2005; Doucette et al., 2015; Gruber et al., 2013;
HoedImoser et al., 2014; Kurdziel et al., 2013; Tarokh et al., 2014). In turn, fast spindles are
associated with sensorimotor processing (e.g., visuomotor performance, motor functioning,
and motor learning), (Barakat et al., 2011; Chatburn et al., 2013; Jaramillo et al., 2023;
Schabus et al., 2007; Tamaki et al., 2008). These changes mark the correct maturation of the
underlying neural structures.

Precise temporal coordination of sleep spindles and slow oscillation is also a fundamental
sleep marker during development (Jaramillo et al., 2023). SWA is another crucial sleep
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feature that changes during development and is associated with sleep homeostasis and
synaptic strength (Tononi and Cirelli, 2014). It is typically evident by 5-6 months of life
(Campbell and Feinberg, 2009) and follows a U-shape trajectory during development: it
increases progressively in early childhood before it declines during adolescence (Campbell
and Feinberg, 2009; Feinberg and Campbell, 2010; Gaudreau et al., 2001; Jenni et al., 2004;
Kurth et al., 2010). Meanwhile, the location of maximal SWA gradually shifts from posterior
to anterior brain regions during this time (Castelnovo et al., 2023; Kurth et al., 2010). This
evolution is associated with structural brain modifications (Buchmann et al., 2011; Shaw et
al., 2008) and is related to acquiring regionally specific skills (Kurth et al., 2012, 2010).
Recently, slow waves where classified into two types. The type I slow waves are generated
by a likely subcortical-cortical, arousal-related synchronization process, giving rise to large,
steep, widespread frontocentral slow waves that predominate early in the falling asleep
period. In turn, the type Il slow waves are probably generated by the cortico-cortical
synchronization process that which gives rise to smaller, shallower and more circumscribed
slow waves, which become the predominant feature towards stable sleep (Bernardi et al.,
2018; Siclari et al., 2014). However, the high synchronization efficiency of type | slow waves
shows a different origin and distribution in children, making them virtually indistinguishable
from most other (type I1) slow waves (Castelnovo et al., 2023). The numerous changes that
occur in the sleeping brain during development report the important role that sleep has not
only for correct brain maturation but also for signaling any deviations from the typical
developmental trajectory.

4.2.1 The neurophysiological markers of brain maturation

As shown in the previous sections, numerous neurophysiological markers during
wakefulness and sleep can be investigated. These biomarkers, which reflect fundamental
processes such as myelination, brain growth, and synaptic pruning, can provide important
insights into brain maturation during critical periods of development. Therefore, these
markers can allow us to identify deviations from the normal developmental progression,
allowing healthcare professionals to intervene early in the case of abnormalities in
neurological development. Based on these assumptions, in Chapter 2, the thesis investigates
the neural biomarker during wakefulness and sleep in blind and sighted children. By
comparing neural evolution between blind and sighted children from birth, we can identify
the sensitive period of interventions.

In addition, these biomarkers can provide insights into a specific condition's
pathophysiology, helping us understand its altered physiological mechanisms and the
potential structures involved. For example, both thalamocortical and cortico-cortical
networks could be of our interest for different reasons. Firstly, both systems are involved in
the genesis of alpha rhythm (P Andersen and Andersson, 1968; Andersson and Manson,
1971; Ching et al., 2010; Hughes and Crunelli, 2007). Secondly, thalamocortical and cortico-
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cortical pathways generate specific sleep EEG patterns, such as different types of spindles
and slow waves (Bernardi et al., 2018; Fernandez and Luthi, 2020; Siclari et al., 2014).
Thirdly, the thalamus is central in transmitting sensory information to the cortex, and the
thalamocortical network is crucial for sensory neurodevelopment (Blumberg et al., 2022).
Cortico-cortical connections are also essential for integrating multisensory stimuli (Murray
et al., 2016). Both of these neural circuits appear to have a fundamental role in the child's
brain and sensory development. However, only one of these mechanisms may be early
impacted by blindness, helping to understand the role of vision in the maturation of neural
networks. In Chapter 5, | delve deeper into this discussion in light of the findings of my
Ph.D. project. However, before presenting the works carried out, | show the state of the art
of multisensory development in the following subchapter.

1.2 The development of multisensory integration

In the early years of life, the communication between different senses is an intricate
mechanism. At birth, sensory systems are not fully developed and undergo specific
refinement as they mature. This maturation process varies between senses, with touch being
the earliest to develop, followed by vestibular, chemical, and auditory senses, and then vision
(Gottbield, 1972). However, until adolescence, the children’s brain must continuously
update the mapping between sensory and motor systems to accommodate differences in
sensory development and changes in body size (Paus, 2005). Additionally, within each
sensory system, different aspects develop at different rates. For instance, in visual
perception, aspects like binocular vision and color perception within the first year (Atkinson,
2002), while complex form and motion perception continue to refine and improve until later
childhood, typically between 5 to 14 years of age (Brown et al., 1987; Del Viva et al., 2006;
Ellemberg et al., 2004; Gori et al., 2012a; Kovacs et al., 1999; Sciutti et al., 2014). The
auditory modality follows the same pattern, where the basic skills develop during infancy,
such as temporal changes detection (Trehub et al., 1995) and auditory frequency
discrimination (Olsho, 1984; Olsho et al., 1986), while more complex abilities take longer
to fully develop and often require experience. Fall into this category, for example,
understanding speech in noisy environments (Johnson, 2000) or accurately locating sounds
in spatial bisection (Gori et al., 2012b). Similarly, the tactile system develops from infancy
to childhood, contributing early to developing the body boundaries and peripersonal space -
PPS (Ladavas and Farng, 2004; Serino, 2019). Indeed, touch is the first of our senses to
develop, providing us a tool to perceive our own bodies (Bremner and Spence, 2017).
However, touch sense is strictly connected with action, favoring the maturation of the
sensorimotor system during childhood.

This maturation involves several processes, including multisensory integration (MSI) and
calibration between the senses, as well as the maturation of environmental reference metrics
common to all senses. | present these concepts in detail in the following paragraphs.
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1.2.1 The multisensory integration and the cross-sensory calibration
theories

One challenging task for our brains is integrating signals from different senses that
simultaneously vehicle the same environmental property, such as the size of an object or its
spatial position. In adults, these redundant signals are typically combined in an optimal
manner, enhancing the precision and accuracy of individual sensory estimates (Alais and
Burr, 2004; Ernst and Banks, 2002; Trommershduser et al., 2011). However, while some
basic forms of integration, like reflexive orienting towards an audio-visual signal (Neil et
al., 2006), develop early, others, such as integration of visual-haptic cues to understand
orientation and size, take time to develop (Gori et al., 2008).

In detail, evidence on the cross-modal information transfer from touch to vision shows
that newborns process and encode shape information derived from manual interaction with
objects and discriminate between subsequently presented visual objects (Streri, 2003; Streri
and Gentaz, 2004). Furthermore, newborns demonstrate the ability to recognize textures
previously encountered through tactile experiences and, conversely, to tactually recognize
textures previously observed visually (Sann and Streri, 2007). Studies have also observed
that infants as young as one-month-old can leverage the tactile-oral properties of objects to
aid in visual recognition processes (Gibson and Walker, 1984; Meltzoff and Borton, 1979).
Moreover, the capacity to perceive audio-visual relations emerges early in human
development (Lewkowicz and Turkewitz, 1980; Neil et al., 2006). Additionally, during the
first months of life, infants benefit from multisensory synchronous information (Bahrick,
2001; Bahrick et al., 2004; Kuhl and Meltzoff, 1982; Scheier et al., 2003).

As children grow, their burgeoning motor, cognitive, and social competencies facilitate
an augmented exploration of the multimodal surrounding environment. This experience
allows them to refine their senses and complete the maturation of MSI processes initiated at
birth. Indeed, some multisensory mechanisms appear in late childhood, following the
maturation of individual senses (Gori et al., 2012b, 2012a, 2008; Nardini et al., 2013, 2010,
2008; Petrini et al., 2014). In the first period of life, individual senses often maintain
dominance over integrated sensory experiences for specific tasks because the brain requires
time to calibrate various sensory systems and acquire the skill to integrate redundant signals
(Gori et al., 2008; Nardini et al., 2008). According to the cross-sensory calibration theory
(Gori, 2015), the most accurate sense for a given task is used to fine-tune other senses when
the body is undergoing rapid changes that affect sensory systems. Thus, the more accurate
sense for a specific environmental property calibrates the less accurate one. For example,
vision is the most accurate sense for spatial environmental property and continually
recalibrates other sensory modalities during development to account for anatomical and
physiological changes. In the following section, | delve into research on developing spatial
metrics and the pivotal roles of vision for their optimal maturation.
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1.2.2 The development of spatial metrics

From birth, infants begin to construct a spatial representation of their surroundings.
However, it is essential to encode acquired spatial information using coordinate systems to
fully establish this representation. Two primary reference frames exist: the body and external
coordinate systems. In the body reference system, coordinates are relative to the perceiver's
body, enabling the updating of spatial information in agreement with the relative movements
in the environment. Conversely, in the external reference system, coordinates are based on
salient environmental reference points and their relative positions (Palmiero, 2014; Ruggiero
et al., 2016).

These reference frames emerge from the interplay between our senses and environmental
interactions, undergoing a developmental journey. We harbor a partially formed body
reference frame at birth due to the touch system'’s development during gestation (Bremner
and Spence, 2017). The touch system, crucial for perceiving our bodies and interacting with
the environment in the first months of life, strongly reinforces the development of the body
reference frame and the relative PPS during infancy. With the development, vision becomes
the predominant sense, offering a different perceptual experience of the environment and
favoring the shift from body to external coordinates to represent the space (Bremner et al.,
2013). However, this transition spans several years, beginning early in infancy, and requires
the ability to integrate perceptual experiences of the environment to form a unified spatial
representation (Roder et al., 2014; Ruggiero et al., 2016). In children, the default use of
external coordinates, as in adults, emerges from the age of 5 years (Pagel et al., 2009) and is
not complete before the age of 10 years (Roder et al., 2013). Indeed, to perceive a
multisensory world, humans must merge spatial information from all sensory modalities into
a cohesive spatial representation.

Vision appears to play a pivotal role in this process (Pasqualotto and Proulx, 2012),
providing an immediate and comprehensive view of the surrounding environment with high
spatial resolution (Tinti et al., 2006). Consequently, vision seems crucial for aligning neural
representations of space across different sensory modalities (King, 2014; Welch and Warren,
1980). The dominance of vision in spatial inference becomes evident when interacting with
other senses. For example, during sensorial conflicts, auditory and tactile perceptions are
heavily influenced by concurrently presented visual-spatial information (Anderson and
Zahorik, 2014; Bertelson and Aschersleben, 2003; Botvinick and Cohen, 1998; Flanagan
and Beltzner, 2000). Furthermore, evidence suggests that during development, the auditory
system’s spatial representation is influenced by visual experience, indicating the visual
system’s role in calibrating the auditory system for spatial perception (Gori et al., 2012b;
Loomis et al., 1998). Additionally, in infancy, only visual cues from one's own body allow
the child to account for body position (Rigato et al., 2014), implying that visual signals also
contribute to calibrating the proprioceptive system for spatial metrics. Animal studies
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corroborate these findings, indicating that the development of multisensory interactions
between vision and other senses relies on early perceptual experiences. For instance, visual
adaptation with prismatic spectacles in juvenile barn owls alters their auditory spatial maps
(Knudsen, 1998), while visual deprivation in young ferrets disrupts auditory spatial map
development (King and Carlile, 1993). Similarly, in humans, short periods of adaptation to
non-aligned auditory and visual stimuli can alter auditory spatial representation (Recanzone,
1998; Zwiers et al., 2003).

In summary, research across various fields confirms that vision provides the most precise
and reliable information about the external world's spatial properties, thus exerting a
dominant influence on spatial perception (Alais and Burr, 2004; Welch and Warren, 1980).
However, the exact mechanisms through which vision shapes the development of spatial
representation in early life are not fully understood. In the following section, | present current
evidence on the neural mechanisms underlying the development of multisensory integration.

1.3 The neural basis of multisensoriality

In the context of studies investigating multisensory information processing, the conventional
paradigm delineates a sequential progression (Stein et al., 2009). Sensory inputs are initially
processed within subcortical structures, traversing cortical pathways. Within the cortical
domain, these inputs undergo preliminary processing within specialized regions tailored to
their respective modalities, such as the occipital area for vision, temporal for hearing, and
central for touch. This segregated processing culminates in the convergence of sensory
streams within the higher-order association cortices, where integration occurs.

Different subcortical structures, including the superior colliculus, the basal ganglia, and
the putamen, were shown to contain multisensory neurons (Meredith and Stein, 1986, 1983,
Stein and Meredith, 1993). In particular, the Superior Colliculus (SC) is the primary site
where inputs from different senses converge. Then, its multisensory neurons project to
motor-related areas involved in controlling orientation behavior (Stein & Meredith, 1993),
initializing and managing the localization and orientation of motor responses. However,
while the SC serves as the primary convergence site for multisensory inputs, cortico-SC
projections are crucial in refining and adapting SC-mediated multisensory integration to a
specific environmental context (Stein et al., 2009). Indeed, multisensory behavior has also
been observed in many neurons in the cortex, particularly in associative brain regions, which
contain neurons that respond to stimulation in more than one modality. These regions receive
feedforward converging inputs from sensory-specific areas of the brain, allowing the
merging of information from different senses. An activation of multisensory stimuli was
shown in the temporal lobe, such as superior temporal sulcus (Beauchamp, 2005; Foxe et
al., 2002), regions in the parietal lobe, such as the intraparietal sulcus and the superior
parietal lobule (Bolognini et al., 2005; Bremmer et al., 2001; Bushara et al., 1999; Molholm
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et al., 2006), as well as regions in the frontal lobe, such as the prefrontal cortex (Bushara et
al., 1999; Laurienti et al., 2003).

Recent findings challenge the traditional views of a rigid distinction between early
unisensory and late multisensory cortices, showing that multisensory processing also
involves the earliest stages of stimulus processing in classical “unisensory” areas (Calvert et
al., 1999, 1997; Cappe et al., 2010; Ghazanfar and Schroeder, 2006; Kayser et al., 2009;
Murray et al., 2016, 2005). Therefore, multisensory integration could operate through
feedback projections to the unisensory cortices from multisensory regions and direct
connections between the unisensory areas themselves (Falchier et al., 2002; Rockland and
Ojima, 2003). Many studies refer to the multisensory properties of the auditory cortex,
showing both visual and somatosensory influences on auditory neurons (King and Walker,
2012; Musacchia and Schroeder, 2009). However, the same has been seen also for visual
and somatosensory neurons (Chanauria et al., 2019; Kuehn and Pleger, 2018). A still open
question concerns the functional implication that multisensory convergence at low-level
cortical processing may have on the perceptual experience. Investigating the mechanisms
underlying sensory processing and multisensory integration during early development may
help our comprehension of the low-level integration functional.

1.3.1 The development of multisensory neural networks

In most multisensory areas, the capacity to integrate stimuli from different sensory
modalities is not present at birth but progressively develops during life. This phenomenon
has been primarily studied in the SC. The immature cells in the SC may exhibit some
multisensory behavior but cannot integrate inputs of different modalities (i.e., they do not
show multisensory enhancement and depression), (Stein et al. 2009). Moreover, the
acquisition of integrative capacities strictly depends on the experience of cross-modal inputs
(Wallace et al., 2001, 2004). The development of descending afferents from two distinct
extra-primary cortical regions, namely the Anterior Ectosylvian Sulcus and the rostral
segment of the Lateral Suprasylvian Sulcus, is thought to be pivotal in acquiring these
integrative capacities (Stein et al. 2009). Indeed, blocking these descending inputs results in
the loss of integrative capabilities within the SC (Jiang et al., 2006, 2001).

The integration of multisensory information at the cortical level is also a process that
takes many years to complete. One approach to probing the evolution of cortical
multisensory integration abilities is investigating the evoked neural response during
multimodal stimulation. When two stimuli are integrated, the multimodal stimulation evokes
a potential with greater amplitude (or smaller) than the sum of the unisensory responses
(Murray et al., 2005). This superadditivity (or subadditivity) effect indicates a nonlinear
interaction between the neural responses and multisensory stimuli. Using this approach, it
was evident that multisensory integration in adults occurs in associative areas at later
latencies, as well as unisensory areas at early latencies (<100ms) (Fort et al., 2002; Foxe et
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al., 2000; Foxe and Schroeder, 2005; Gobbelé et al., 2003; Molholm et al., 2004, 2002;
Murray et al., 2005, 2004; Taylor-Clarke et al., 2002). For instance, audio-tactile stimuli
were integrated starting from ~50ms in the central area contralateral to the hand stimulated
with touch cues (Foxe et al., 2000; Murray et al., 2005).

This method has been used to comprehend the mechanisms of multisensory integration
(MSI) from the first moments of life. It has been observed that the ability to integrate audio-
tactile information when they are present in the PPS emerges immediately after birth (Ronga
et al., 2021). This integration appears in the frontocentral area around 300ms (P2). The
primary sensory areas' involvement in facilitating audio-tactile interaction compared to
auditory-only stimuli on N1 response during a social task appears before the first year of life
(Tanaka et al., 2018). A consistent audio-tactile integration is evident in school-age children
and involves early latencies (Brett-Green et al., 2008). Indeed, an early audio-tactile
integration in central regions between 60-80 ms in the hemisphere contralateral to the side
of somatosensory stimulation was found in school-age children (Brett-Green et al., 2008).
Between 110-150 ms, the MSI occurs in the hemisphere ipsilateral to the side of
somatosensory stimulation. Finally, around 200 ms effect of MSI was found also on the
associative areas. Other findings also reported the involvement of temporal regions starting
from 100ms in the audio-tactile MSI (Russo et al., 2010). Differently, a significant
audiovisual integration on associative areas starting from 100ms (N1) seems to mature
between 7 to 16 years of age (Brandwein et al., 2011; Molholm et al., 2020; Stefanou et al.,
2020). In adolescents, both audiovisual and visuotactile MSI are evident already at early
latencies (<100ms) as well as in the trimodal response (Dwyer et al., 2022). However, an
effect of visual influence on auditory responses on N450 over frontotemporal sites was found
in 3-month-old infants (Hyde et al., 2010).

Analyzing the neural response during multiple sensory stimulations also allows us to
understand the development of spatial metrics. EEG studies in newborns suggest a primitive
coding system for body boundaries during audio-tactile stimulation emerges shortly after
birth (Maitre et al., 2020; Ronga et al., 2021). The ability to detect the colocation of auditory
and tactile stimuli is important to relate body sensory experiences (tactile) with external
stimuli (audiovisual). Nevertheless, a spatial recalibration by vision is necessary for learning
a precise spatial perception. For instance, the ability to accurately identify tactile stimuli
delivered to the hands while in a non-canonical body position (i.e., crossed-hand posture) is
a skill that emerges between the ages of 6 and 10 months (Rigato et al., 2014). A neural
correlate associated with this spatial remapping at EEG starts to manifest around the 8th
month and becomes more established by the 10th month. However, it is noteworthy that the
vision of the hand is crucial at this developmental stage. Indeed, as delineated in the
preceding section, visual experience is essential for transferring spatial decoding pertaining
to body coordinates onto a reference system predicated upon external coordinates.

Overall, the study of evoked potentials can be an important tool for investigating the
development of spatial and multisensory abilities in the early periods of life. Nonetheless,
confining the analysis solely to ERPs would be restrictive. Indeed, EEG analysis affords the
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opportunity to explore brain rhythms, offering deeper insights into the maturation of the
neurophysiological mechanisms involved in processing multimodal information.

1.3.2 The brain rhythms during sensory processing

In the first section of this Chapter, | discussed how the brain rhythms mature in the first
decades of life. But what happens when sensory stimulations are provided? How do the
neural circuits in the brain organize their rhythmic activity to convey the message?

For unisensory stimulation, findings report that both auditory and tactile senses mainly
modulate alpha-range oscillations already in infancy. Specifically, a vibrotactile stimulation
applied to an infant's hand triggers an alpha rhythm desynchronization (i.e., decrease in
power) in the contralateral central area, also called mu rhythm (Drew et al., 2018; Meltzoff
et al., 2019; Saby et al., 2015; Shen et al., 2021). These results are consistent with findings
in adults (Anderson and Ding, 2011). Indeed, early in life, the somatotopic organization of
the basic body map in infants mirrors that of older children and adults with a similar mu
rhythm response (Dall’Orso et al., 2018; Meltzoff et al., 2019; Saby et al., 2015; Shen et al.,
2020). However, during infancy, the peak frequency of mu activity increases with age, as
with alpha activity. Consequently, the frequency range of brain activity during tactile
stimulation depends on the maturation of the mu rhythm, typically ranging from 4-6Hz in
younger infants to 6-9Hz in older infants (Berchicci et al., 2011; Marshall et al., 2002; Shen
etal., 2021; Thorpe et al., 2016), until reaching adult-like frequency range (see section 1.1.2).
Essentially, as infants grow, there is an increase in mu frequencies modulated by tactile
stimulation, accompanied by greater contralateral desynchronization (Shen et al., 2021).
This aligns with findings on action production in older infants and the observation that
infants' behavioral responses to tactile stimuli become more efficient with age (Cuevas et
al., 2014; Leed et al., 2019; Somogyi et al., 2018). Similarly, auditory stimulation induced
suppression of background alpha activity in the bilateral temporal electrodes (called tau
rhythm) in infants and children (Fujioka et al., 2011; Fujioka and Ross, 2008), as well as in
adults (Kim et al., 2023; Lehteld et al., 1997; Niedermeyer, 1997; Tiihonen et al., 1991).
Again, the modulated spectral frequencies, as do mu and alpha oscillations, increase with
age.

Instead, in adults, cross-modal interaction and multisensory integration show
involvement of faster and slower frequencies (for a review, see Keil and Senkowski, 2018).
Briefly, the dynamic feed-forward-feedback processing between unisensory and
multisensory areas is primarily reflected in gamma and beta-band power. In addition,
information processed within one cortical area can modulate ongoing activity in another
region, for example, through delta- and theta-band phase resetting. In tasks requiring top-
down control, intersensory attention is reflected in local alpha- and beta-band power, as well
as alpha- and beta-band functional connectivity networks. The exact mechanisms seem to be
also involved in spatial attention and in shifting from body-centered to external coordinates
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(Anderson and Ding, 2011; Heed et al., 2015; Ossandon et al., 2020; Schubert et al., 2019,
2015).

To the best of our knowledge, few studies investigated the role of neural oscillations in
multisensory processing in infants (Drew et al., 2018; Tanaka et al., 2018). These studies
evidenced that high-frequencies in the beta band already modulate cross-modal influences
and multisensory integrations. However, future studies should further investigate brain
rhythm development in multisensory processing. Another less explored area is the role of
sleep and its neural oscillations in sensory and multisensory processing.

1.3.3 The sleep and multisensoriality

It is a common situation that everyday sensory experiences are reflected in dreams. They
represent a multisensory experience in an altered state of consciousness, which varies in
sensory-deprived humans (Vitali et al., 2022). Although the nature of dreams remains
elusive, their occurrence underscores the role of sleep in sensory information processing,
evident not only during REM sleep but also during NREM stages. Notably, sleep has been
shown to facilitate visual plasticity (Aton et al., 2009; Frank et al., 2001). Studies in cats and
humans demonstrate that visual plasticity is enhanced during subsequent sleep following
monocular deprivation (MD), primarily through slow wave and spindle oscillations (Aton et
al., 2013; Menicucci et al., 2022). Particularly in humans, a strong correlation between visual
plasticity and changes in slow wave rate and sharp, as well as in sigma power, in the visual
area has been observed (Menicucci et al., 2022). This evidence further supports the notion
of thalamocortical interaction modulation as a homeostatic response to MD. The idea that
these rhythms are involved in sleep sensory processing is reinforced by studies investigating
multisensory integration and multisensory memory reactivation during sleep (Faivre et al.,
2017; Rothschild, 2019) as well as the formation of sensorimotor memories during sleep
(Miyamoto, 2023).

Recently, a review has highlighted the role of sleep in processing multisensory and
sensorimotor information in children, underscoring its significance in typical and atypical
neurodevelopment (Blumberg et al., 2022). Further discussion on the interplay between
multisensorial experiences and sleep are presented in Chapters 3 and 5, where, respectively,
I show preliminary data on the impact of sleep on the reinforcement of auditory and tactile
stimuli in sighted and visually impaired infants, and | provide a comprehensive analysis of
the thesis results.

1.4 Objectives of the thesis

Considering the recent advancements outlined in the introduction, the first step of the thesis
involves the study of the development of neural mechanisms during wakefulness and sleep
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in children with and without visual impairment. Subsequently, it delves into understanding
how vision influences the ability to localize multisensory stimuli and the corresponding
neural processes involved. Finally, the thesis provides insights into the role of sleep in
shaping sensory perception and neural development, as well as the advancements in
technology used to study these phenomena. Each paragraph begins with a comprehensive
review of the literature about blind individuals, setting the stage for the subsequent
discussion.

Specifically, Chapter 2 delves into the intricate brain oscillations that exhibit distinct
maturation patterns between blind and sighted children during waking and sleeping states.
This exploration underscores the pivotal role of vision in shaping brain maturation processes.
In Chapter 3, the thesis elucidates the underlying brain mechanisms contributing to
behavioral disparities in audio and tactile stimulus localization across different body
positions in blind infants compared to their sighted counterparts. Chapter 4 highlights the
significance of advancing multisensory technological tools for assessing brain activity in
children. By leveraging cutting-edge technology, researchers can gain deeper insights into
the complex interplay of sensory processing and neural dynamics.

Nearly a century ago, Charles Scott Sherrington described the plastic nature of the brain
as: “Swiftly the head mass becomes an enchanted loom where millions of flashing shuttles
weave a dissolving pattern, always a meaningful pattern though never an abiding one; a
shifting harmony of subpatterns” (Sherrington, 1956). Today, our understanding extends
beyond the confines of the cortex, recognizing the dynamic interactions encompassing
deeper subcortical regions. In the concluding Chapter 5, | synthesize the critical discoveries
of this thesis, contextualizing them within the framework of existing literature. It mainly
focuses on the pivotal role of thalamocortical connections in shaping the intricate landscape
of multisensory brain development.

| address the objectives of this thesis using Electroencephalography (EEG) as an
investigative tool. With its remarkable temporal resolution and non-invasive nature, EEG
remains the gold standard for studying brain development in children. It also allows the
investigation of brain oscillations and their dynamics in multisensory stimulations.
Additionally, the use of high-density electroencephalography, as in Chapters 3 and 4, offers
a good topographical representation of the brain between temporal and spatial resolution for
investigating neural mechanisms. Figure 1.1. shows the general framework of the thesis and
the included studies.
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Figure 1.1 General Framework. Each circle shows one of the five studies included in the thesis.
Studies 1 and 2 are included in Chapter 2. Studies 3 and 4 are included in Chapter 3. Study 5 is
included in Chapter 4.



Chapter 2

Brain development in blindness

In Chapter 1, I introduced how neurophysiological biomarkers can be measurable indicators
that provide valuable insights into the underlying mechanisms of brain development,
allowing researchers and clinicians to identify deviations from typical developmental
trajectories. This chapter explores how this approach can be applied to children with
peripheral blindness. Indeed, the absence of visual input from birth or early infancy can lead
to profound alterations in brain structure and function, affecting sensory, motor, and social
abilities (Bollini et al., 2023; Cappagli et al., 2019, 2017; Gori et al., 2021; Houwen et al.,
2009, 2007). Neuroimaging studies in blind children revealed significant changes in different
brain areas, such as the occipital cortex (Inuggi et al., 2020), ToM (Theory of Mind) brain
regions (Richardson et al., 2023), and thalamocortical connections (Lin et al., 2022), as well
as a neural reorganization of the sensory networks and the development of some
compensatory mechanisms (Lin et al., 2022; Ortiz-teran et al., 2017). Numerous cross-modal
plasticity changes in the human brain were also confirmed by studies in congenitally blind
adults (Amedi et al., 2007, 2002; Gori et al., 2018; Kujala et al., 1995; Rdder et al., 2000;
Striem-Amit et al., 2012; Uhl et al., 1991). While compensatory neural mechanisms are
essential for daily activities, they may leave gaps in acquiring specific concepts, such as
spatial representation (Gori et al., 2014).

By employing neural biomarkers, researchers can further understand the role of sensory
experience in shaping brain development and identify the specific sensitive period of
interventions. Therefore, in the first experiment, | focus on the development of brain rhythm
during wakefulness comparing sighted with blind children in the first decade of life. In turn,
I am focusing on the sleep period in the second experiment.
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2.1 Exp.1: Developmental trajectory of alpha activity in
blind and sighted children

Alpha activity (8-12 Hz) represents the main brain rhythm that develops during childhood.
It dominates the occipital EEG activity (Bazanova and Vernon, 2014; Lopes Da Silva, 1995;
Steriade et al., 1990), and its maturation is a visual-dependent mechanism. Indeed, alpha
oscillations are reduced or missing in blind adults (Akiyama et al., 1964; Birbaumer, 1971,
Cohen et al., 1961; Enge et al., 1973; Jan and Wong, 1988; Kriegseis et al., 2006; Noebels
et al., 1978; Novikova, 1974; Ossandon et al., 2023). Evidence shows that the alphal (8-
10Hz) and alpha2 (10-12Hz) sub-bands are linked to different perceptual-cognitive functions
(Petsche et al., 1997), with alphal associated with attention, expectation, and encoding, and
alpha2 linked to memory and semantics (Doppelmayr et al., 2002; Klimesch, 1997;
Klimesch et al., 1994). However, whether there is a specific association between different
alpha sub-bands and blindness has not yet been studied. Some studies also explored the EEG
spectral activity in blind children, confirming a reduction of alpha rhythm and an
overrepresentation of delta activity in late childhood (Akiyama et al., 1964; Cohen et al.,
1961; Jan and Wong, 1988; Jeavons, 1964; Red’ka and Mayorov, 2014). Most of the studies
are qualitative, include wide age ranges and variability in visual impairment, and fail to
include a control group, keeping it unclear whether and how alpha activity develops in blind
children. A better understanding of alpha activity's developmental trajectory could help
clarify the brain processes linked to reduced alpha activity in blindness.

This reduced occipital alpha power observed in blind individuals may stem from two
primary mechanisms: weakened inhibitory circuits (Sherman and Spear, 1982) or structural
alterations in regions crucial for alpha rhythm generation (Inuggi et al., 2020). Studies
suggest that alpha waves may primarily originate from the thalamocortical network (Per
Andersen and Andersson, 1968; Andersson and Manson, 1971) and/or the cortico-cortical
connections (Pfurtscheller and Lopes da Silva, 1999). Both networks may be affected by
visual deprivation. First, the lateral geniculate nuclei (LGN) of the thalamus are atrophied
following blindness in animals (Berman, 1991; Rakic et al., 1991) and humans (Breitenseher
et al., 1998). Second, alpha rhythms within the visual cortex may also arise from cortical
layers IV and V, with pyramidal cells in layer V possessing intrinsic rhythm-generating
properties. These neural connections are altered in cases of early visual deprivation
(Sherman and Spear, 1982).

Based on previous information, two questions remain unanswered. When does the
differentiation of alpha activity between sighted and visually impaired individuals emerge
during development? What mechanisms are associated with the impairment of this activity?
So, in this study, | explore the EEG spectral composition's developmental trajectory,
specifically the occipital alpha activity in congenital blind/severely visually impaired (BSI)
children and sighted (S) controls. I investigate four hypotheses. The first two hypotheses
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argue, respectively, that the differences in occipital area activity between blind and sighted
children increase with age and that these differences arise mainly from activity in the visual
areas of the brain. Then, | hypothesize that congenital visual deprivation also influences the
entire EEG spectrum in favor of lower frequencies. Finally, I hypothesize a possible
association between perceptual disorders resulting from blindness and some motor
dysfunctions.

2.1.1 Methods

Participants

EEG recordings at rest for 60 blind/severely impaired (BSI) individuals and 66 sighted (S)
individuals aged 20 days to 10 years and 11 months were included in this study and
subdivided into three age bins: from 0 to 3 years with 19 BSI (9F) and 17 S (9F) children;
from 3 to 6 years with 19 BSI (10F) and 22 S (8F); and, from 6 to 11 years with 22 BSI
(11F) and 27 S (13F). Table 2.1. presents details about the BSI group. None of the children
had a history of prenatal infections, distress during delivery, genetic syndromes, or metabolic
disorders. All the participants in this study presented with good general health status; some
of them had slight developmental delay, especially in the motor domain, motor coordination
impairment, and/or hypotonia, as is often described in visually impaired children (Dale et
al., 2017; Dale and Sonksen, 2002; Fazzi et al., 2005). None were epileptic or cognitively
impaired. Developmental and cognitive assessment was evaluated using standardized tests
according to the age of the child - i.e., Griffiths Mental Development Scales (Luiz et al.,
2001), Leiter-R (Leiter, 1980), Wechsler scales (Wechsler, 2003) or Raven matrices test
(Raven et al., 1996). BSI children were assessed with the Reynell-Zinkin Scale (Reynell,
1978) and the verbal subscales of the Wechsler scales. In 38 children, a normal or altered
psychomotor development level was defined based on clinical evaluation and information
on the child’s adaptive behavior and school functioning provided by parents and teachers.
Furthermore, all BSI participants were exclusively affected by congenital disorders of the
peripheral visual system (i.e., involving pre-chiasmatic structures). Cerebral visual
impairment was excluded based on anamnesis, clinical and instrumental visual function
assessment, and neurological examination.

Code Biological | Age (Y) Degree of visual Diagnosis

sex impairment
1 M 0.06 severely impaired Inherited congenital retinal dystrophy
2 M 0.44 severely impaired Optic nerve hypoplasia
3 M 0.86 severely impaired Ocular albinism
4 M 1.04 totally blind Inherited congenital retinal dystrophy
5 F 1.2 severely impaired Nystagmus
6 F 1.23 severely impaired Inherited congenital retinal dystrophy
7 F 1.34 totally blind Inherited congenital retinal dystrophy
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8 F 1.34 totally blind Inherited congenital retinal dystrophy
9 M 1.45 totally blind Inherited congenital retinal dystrophy
10 F 1.48 totally blind Nystagmus

11 M 1.65 totally blind Ocular malformation

12 F 1.66 totally blind Inherited congenital retinal dystrophy
13 M 1.83 totally blind Inherited congenital retinal dystrophy
14 M 2.17 totally blind Inherited congenital retinal dystrophy
15 F 2.32 severely impaired Ocular malformation

16 M 2.61 totally blind Inherited congenital retinal dystrophy
17 F 2.65 severely impaired Ocular albinism

18 M 2.76 severely impaired Inherited congenital retinal dystrophy
19 F 3.55 totally blind Inherited congenital retinal dystrophy
20 F 3.66 totally blind Inherited congenital retinal dystrophy
21 F 3.7 severely impaired Nystagmus

22 F 3.8 severely impaired Inherited congenital retinal dystrophy
23 F 3.84 totally blind Inherited congenital retinal dystrophy
24 M 3.87 severely impaired Optic nerve hypoplasia

25 M 4.24 totally blind Inherited congenital retinal dystrophy
26 M 4.29 severely impaired Inherited congenital retinal dystrophy
27 F 4.62 totally blind Inherited congenital retinal dystrophy
28 M 4,78 severely impaired Inherited congenital retinal dystrophy
29 F 4.95 severely impaired Optic nerve atrophy

30 F 4.99 severely impaired Optic nerve hypoplasia

31 F 5.08 totally blind Inherited congenital retinal dystrophy
32 M 5.14 severely impaired Nystagmus

33 F 5.35 severely impaired Inherited congenital retinal dystrophy
34 M 5.44 totally blind Inherited congenital retinal dystrophy
35 M 5.65 severely impaired Inherited congenital retinal dystrophy
36 F 5.66 totally blind Inherited congenital retinal dystrophy
37 M 5.83 totally blind Inherited congenital retinal dystrophy
38 M 6.1 totally blind Inherited congenital retinal dystrophy
39 F 6.1 totally blind Inherited congenital retinal dystrophy
40 F 6.26 totally blind Optic nerve hypoplasia

41 M 6.31 severely impaired Inherited congenital retinal dystrophy
42 F 6.33 totally blind Inherited congenital retinal dystrophy
43 F 6.51 severely impaired Congenital cataract

44 M 6.53 severely impaired Nystagmus

45 F 6.72 totally blind Retinopathy

46 M 6.76 totally blind Inherited congenital retinal dystrophy
47 F 6.91 totally blind Inherited congenital retinal dystrophy
48 M 7.29 totally blind Inherited congenital retinal dystrophy
49 F 7.35 totally blind Inherited congenital retinal dystrophy
50 M 8.64 severely impaired Inherited congenital retinal dystrophy
51 F 8.79 totally blind Inherited congenital retinal dystrophy
52 M 8.97 severely impaired Optic nerve hypoplasia

53 F 9.07 totally blind Congenital cataract

54 M 9.47 totally blind Inherited congenital retinal dystrophy
55 M 9.47 totally blind Inherited congenital retinal dystrophy
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56 F 9.55 totally blind Inherited congenital retinal dystrophy
57 M 9.56 totally blind Inherited congenital retinal dystrophy
58 M 9.6 severely impaired Inherited congenital retinal dystrophy
59 M 10.31 totally blind Inherited congenital retinal dystrophy
60 F 10.47 totally blind Inherited congenital retinal dystrophy

Table 2.1. Clinical details of the blind group. The table shows identification code, the biological sex, age
expressed in decimal years (i.e., age in days/365), the degree of visual impairment, and the diagnosis. Different
colors represent different age bins.

Data acquisition and preprocessing

EEG data were collected with a 512 Hz sampling frequency using a Nicolet VEEG 5.94
system; missing or artifacted electrodes were interpolated to obtain a complete montage of
72 derivations. For each participant, a resting-state period in sensory deprivation conditions
with opened eyes in a dark, silent, and comfortable room was recorded. These conditions are
reportedly the best for recording resting state in infants/children (Stroganova et al., 1999).
An operator continuously monitored the state of participants using EEG and infrared camera
recordings. In a later scoring phase, based on the EEG and video recording, periods in which
subjects were moving or falling asleep from the analysis were excluded. Then, the EEG
recordings were filtered between 0.1 and 100 Hz. Transient high-amplitude artifacts were
removed using artifact subspace reconstruction (ASR), an automated artifact rejection
method available as a plug-in for EEGLAB software (Delorme and Makeig, 2004; Mullen
et al., 2015). ASR uses a sliding window technique whereby each window of EEG data is
decomposed via principal component analysis and compared with data from a clean baseline
EEG recording. Within each sliding window, the ASR algorithm identifies principal
subspaces that deviate from the baseline; it then reconstructs these subspaces using a mixing
matrix computed from the baseline EEG recording. Here, a sliding window of 500 ms and a
threshold of 3 std to identify corrupted subspaces was used. Moreover, channels were
removed if their correlation with other channels was below 0.85 or if the line noise-to-signal
ratio exceeded 4 std from the channel population average. Time windows were removed
after applying the previously described criteria — i.e. when the fraction of contaminated
channels exceeded the threshold of 0.25. With the cleaned data of each participant (mean
segment duration = 333s, 95% CI = [195, 638]s), the power spectral density (PSD) expressed
in uV2/Hz was computed), applying the spectopo function of EEGLAB, which returns a PSD
estimate via Welch's method. Finally, spectral activity for deltal (0.5-2)Hz, delta2 (2-4)Hz,
theta (4-8)Hz, alphal (8-10)Hz and alpha2 (10-13)Hz spectral bands was considered. The
spectral activity was normalized to make it comparable among children by computing the
relative spectral power, which measures the ratio of the absolute spectral power to the total
power in the signal.
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Statistical analysis

Statistical analyses were performed based on the a priori hypotheses. Based on the first
hypothesis, whether differences exist in the activity of visual areas between blind and sighted
children was investigated, as well as whether these differences become more significant with
age. Therefore, in the first analysis, the effect of age and visual impairment on spectral
activity in the occipital area was tested, measured as the average spectral activities in O1,
Oz and O2 electrodes. For each spectral band, an independent ANOVA with relative band
power as the dependent variable and group (i.e., BSI or S) and age bin (i.e., [0-3)Y, [3-6)Y
or [6-11)Y) as between-subject factors was performed. Post-hoc comparisons were also
computed using unpaired two-tailed t-tests, retaining significant comparisons with p <0.05
after a Bonferroni correction.

As per the second hypothesis, whether differences in spectral activity between blind and
sighted children are primarily associated with visual areas was tested. The spectral activity
across the entire scalp for each spectral band and age bin between the BSI and S groups was
compared. Unpaired two-tailed t-tests were conducted for each electrode, considering
significance at p<0.05 after FDR correction for all electrodes.

According to the third hypothesis, whether blindness affects the overall EEG spectrum
was examined, including the shift of the alpha peak and activity at lower frequencies. The
peak frequency of background EEG activity (Freeman, 2004) for each participant was
measured using a three-stage approach to investigate the shift of the alpha peak. First, the
peak was identified in the raw spectrum. Then, the peak was identified in the spectrum after
detrending using an exponential decay function. Both in the raw and detrended spectrum,
the findpeaks function of the pracma package (Borchers, 2019) for R (R Core Team, 2021)
was used to automatically identify peaks in the background. Finally, the automatic peak
estimates from the first two stages were compared to select the most reliable peak position
through visual inspection. Changes in peak frequency were assessed using ANOVA, with
group and age bins as between-subject factors. Post-hoc comparisons were conducted using
unpaired two-tailed t-tests, considering significance at p<0.05 after Bonferroni correction.

To test the fourth hypothesis, it was examined whether lack of vision leads to motor
difficulties. Therefore, the existence of a specific association of these dysfunctions with the
activity of visual area was investigated. To do that, the association between the spectral
activity and specific clinical scores that reflect motor dysfunction — namely motor
coordination impairment (MCI) and hypotonia — was measured in the BSI group using
logistic regression models. This model can predict the likelihood of MCI and hypotonia
based on EEG band power for each age bin.
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2.1.2 Results

This study measured alpha activity at rest in 60 BSI and 66 sighted S children ranging in age
from 20 days to 11 years, subdivided into three age bins. It shows that BSI children manifest
posterior alpha activity during the first three years of life, although weaker and slower
developing than sighted participants. The first great differentiation between blind and
sighted subjects occurs between 3 and 6 years of age. Starting from this period, lower alpha
activity increases the probability of motor impairment in blind children. In the following
paragraphs, | present the specific results for each hypothesis.

Neural activity differences between blind and sighted increase with age

The first finding of this study evidences that there is a difference between blind and sighted
children in the alpha activity of the occipital area, which is crucially related to visual
processes. This difference is weak at birth and increases with age. Moreover, within the alpha
rhythm, the first sub-band showing differences between groups is alphal, starting from the
first years of life, while alpha2 diverges later at 6 to 11 years of age (see Figure 2.1.). Figure
2.1.A. shows the occipital alphal relative power compared at different ages. A significant
interaction occurs between the group and age bin (F(2,120)=3.94, P=0.02, np2=0.13).
Specifically, S children have stronger alphal activity at all ages relative to BSI children, and
the gap between groups increases with age ([0-3)Y: t(34)=3.22, P=0.008, (Cohen’s) d=1.08;
[3-6)Y: 1(39)=2.9, P=0.02, d=0.91; [6-11)Y: t(47)=4.76, P=0.00006, d=1.37). Moreover, in
BSI children, alphal activity increases from the youngest to the middle age bin, (t(36)=3.15,
P=0.01, d=1.02) but not from the middle to the oldest age bin (t(39)=0.52, P=0.5, d=0.16).
Conversely, alphal of S children increases both from the youngest to the middle (t(37)=3.45,
P=0.004, d=1.12 and from the middle to the oldest age bin (t(47)=2.50, P=0.04, d=0.72).
Figure 2.1.B. shows occipital alpha2 relative power for each age bin. Also, occipital alpha2
exhibits a significant interaction between group and age bin (F(2,120)=3.65, P=0.03,
np2=0.47). BSI and S groups have similar alpha2 activity in the youngest (t(34)=2.23, P=0.1,
d=0.74) and middle (t(39)=0.5, P=1, d=0.16) age bins. In the oldest age bin, S children have
higher alpha2 than the BSI group (t(47)=2.82, P=0.02, d=0.81). Within the BSI group,
alpha2 behaves similarly to alphal, increasing from the youngest to the middle (t(36)=2.91,
P=0.02, d=0.94), but not from the middle to the oldest age bins (t(39)=0.72, P=0.5, d=0.23).
In S children alpha2 increases both from the youngest to the middle (t(37)=2.82, P=0.02,
d=0.91) and from the middle to the oldest age bins (t(47)=2.92, P=0.02, d=0.84).
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Figure 2.1. Relative alpha power in the Occipital area. A. Relative power of alphal activity (8-10) Hz in
Occipital area (01, O2 electrodes) of blind/severely impaired (BSI) compared with sighted (S) children. Bars
represent means, and error bars represent standard errors in means (sem). B. Relative power of alpha2 activity
(10-13) Hz in the Occipital area of BSI compared with S children. In both figures, different colors represent
different age bins.

Considering other typical EEG frequency bands, a significant interaction between group and
age-bin for the occipital delta2 relative power was found (F(2,120)=3.60, P=0.03, np2=0.1),
with an opposite trend with age respect to the alpha band (Figure 2.2.). Specifically, the two
groups show similar delta2 activity in the youngest age-bin (t(34) = 0.50, P = 1, d = 0.17),
while at older age-bins S children have lower delta2 activity with an increased difference
with age ([3-6)Y: t(39)=2.64, P=0.03, d=0.83); [6-11)Y: t(47)=5.46, P=0.000005, d=1.57).
Indeed, delta2 does not change with age in the BSI group, both from the youngest to the
middle age-bins (t(36)=1.88, P=0.2, d=0.61), and from the middle to the oldest age-bins
(t(39)=0.18, P=0.5, d=0.06). Instead, it decreases in S children both from the youngest to the
middle (t(37)=2.90, P=0.02, d=0.94) and from the middle to the oldest age-bins (t(47)=3.03,
P=0.01, d=.87).
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Figure 2.2. Relative delta2 power in the Occipital area. The relative power of delta2 activity (2-4) Hz in
Occipital area (01, O2 electrodes) of blind/severely impaired (BSI) compared with sighted (S) children. Bars
represent means, and error bars represent standard errors in means (sem). Different colors represent different
age-bins

Neural activity differences between blind and sighted increase with age

In the second analysis, the entire scalp was examined, showing that the spectral differences
in brain activity between blind and sighted children are specifically ascribable to the activity
of visual areas, while activity in other areas is not significantly affected during the earliest
stages of life. Figure 2.3. presents the significant (p<0.05 after FDR correction) comparisons
(non-significant differences in green) using a topographic map for each age bin (columns),
frequency bands (alphal, alpha2, and delta2, see rows), and group. Differences are primarily
located in the occipital areas. They specifically involve the alphal band for the middle age
bin, while in the oldest age bin, differences are greater and tend to involve a larger scalp area
and different bands.
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Figure 2.3. Spectral power on the entire scalp. Topographic maps of alphal, alpha2, and delta2 relative
power compared between groups. For each age bin, the first column represents the BSI group, the second
represents the S group, and the third represents the significant difference (p<0.05 after FDR correction)
between groups. Green areas correspond to non-significant differences, reddish areas to S > BSI, and bluish
regions to S < BSI.

Delta 2 Alpha2 Alphal

Whole spectrum differences

In agreement with the third hypothesis, results evidence that the lack of vision also affects
the EEG spectrum at a global level. Indeed, the spectral composition of the EEG varies with
age and marks typical brain development (Anderson and Perone, 2018; Eisermann et al.,
2013; Gasser et al., 1988; Miskovic et al., 2015). Specifically, blindness causes both a slower
shift of the alpha peak and slower decay of activity at a lower frequency. Figure 2.4. provides
an overview of how the entire spectrum evolves with age in both groups. In sighted
individuals, as they grow older, the background brain activity tends to shift towards higher
frequencies, becoming more noticeable with sharper and more pronounced peaks. In the
youngest age group, the background activity exhibits two components: one around 4.5 Hz
and another around 8.5 Hz. The power at lower frequencies progressively decreases with
age. However, in BSI children, the shift in background activity towards higher frequencies
is slower, and the power is reduced. Additionally, BSI individuals show a strong over-
representation of low frequencies compared to sighted participants while maintaining similar
power across all age groups. In both groups, the two alpha components observed in the
youngest age group merge as age increases, resulting in a single prominent peak within the
conventional alpha band observed in adults.
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Figure 2.4. The whole power spectrum evolution. Whole spectrum for each group and age bin. Lines represent
mean and shadowed areas sem. Triangles indicate background activity peaks.

The ANOVA on peak frequencies of background activity revealed a significant interaction
between group and age bin (F(2,113)=7.37, P=0.001, #,°=0.12). In S children, peak
frequencies increased from the youngest to the middle (t(38)=5.63, P<0.001, d=1.71) and
from the middle to the oldest age bins (t(47)=2.55, P=0.04, d=0.93). In turn, BSI individuals
maintain the same peak frequencies with age (youngest to middle: t(32)=0.10, P=0.5,
d=0.05; to the oldest age bin: t(33) = 1.11, P = 0.05, d = 0.36). Accordingly, compared with
BSI individuals, the peak frequencies of S group were lower in the youngest age bin (t(33)=-
2.23, P=0.048, d=0.69), although differences are just barely hinted, and higher in the middle
(t(37)=2.77, P=0.01, d=0.97) and for the oldest age bins (t(43) = 2.30, P=0.04, d=0.79).

Association with motor dysfunctions

In the final analysis, motor dysfunctions in blind children seem to be associated with the
alpha activity in the visual areas. Specifically, Logistic Regression Models revealed
significant associations between alpha activities and clinical examination scores. Figure 2.5.
displays that, for the [3-6) years age-bin, a lower relative alphal activity is associated with
an increased probability of both motor coordination impairment (MCI, ¥2(1)=12.99,
P=0.0003, Accuracy=0.91), and hypotonia (¥2(1)=8.96, P=0.003, Accuracy=0.88).
Similarly, in the [6-11) years age bin, lower alphal and alpha2 activity is associated with
increased probabilities of MCI and hypotonia (alphal: MCI: %2(1)=8.38, P=0.004,
Accuracy=0.83; hypotonia: %2(1)=10.89, P=0.001, Accuracy=0.88; alpha2: MCI:
v2(1)=12.79, P=0.0004, Accuracy=0.90; hypotonia: %2(1)=17.62, P=0.00003,
Accuracy=0.95). Alpha2 activity emerges as the strongest predictor for clinical scores.
Models using age as a predictor variable did not yield significant results.
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Figure 2.5. Association with clinical scores. Results of the Logistic Regression models for the [3-6) and [6-
11) years age bin. The curve represents the probability of altered clinical findings (motor coordination
impairment and hypotonia) as a function of relative power. Each square represents the values of a single
subject.
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2.1.3 Discussion of results

The current study investigates spectral activity development in sighted and blind children to
shed light on the effect of visual deprivation on the evolution of brain rhythms during
childhood. To understand how reduced visual experience influences the EEG spectra during
development, | adopted two complementary approaches, integrating the fixed and shifting
bands hypotheses, described extensively in Chapter 1. The first analysis focused on the
evolution of occipital activity in the conventional frequency bands. Meanwhile, my third
analysis assessed how vision, relative to age, influences the entire EEG spectrum in the
occipital area, especially the peak of background activity. These two approaches show
similar parallel results, and rather than being in opposition, they seem to coexist. Both the
first and the third analyses identify differences, progressively increasing with age, between
blind and sighted children both in terms of increasing alpha activity and decreasing low
frequencies. Moreover, the spectrum analysis reveals that two distinct peaks in the EEG
spectra can be observed in the youngest age bin. One peak aligns with the standard alpha
band across all age groups, supporting the fixed band hypothesis. The other peak, stronger
and shifting towards higher frequencies with age, merges more with the first peak as
individuals grow older, aligning with the classical shifting band hypothesis. This suggests a
compatibility between the two approaches.

These two analyses also agree with the mechanisms generating alpha rhythm develop
similarly in the early years of life for blind and sighted children, suggesting that visual
deprivation may partially suppress or alter alpha activity later in childhood. Specifically, the
major difference appears in the age range between 3 and 6 years. This period is extremely
important, as it is fundamental for children’s development. During this stage of life, children
begin kindergarten, enhance their language abilities, and initiate social interactions with
peers. This phase is characterized by increased social and perceptual stimuli, which play a
pivotal role in the refinement of visual functions such as visual acuity and visual evoked
potentials (Lenassi et al., 2008), as well as multisensory integration in complex tasks (Mix
et al., 1996), visuospatial and visuomotor processes (Freier et al., 2017; James and Kersey,
2018; Maffongelli et al., 2019; Moll et al., 2013; Schipke et al., 2012). Notably, the findings
of this study reveal that differences in alpha activity between blind and sighted children first
emerge in the alphal sub-band, followed by alpha2, indicating that visual deprivation
primarily impacts attention-related neural processes and only later alters processes related to
semantics and memory. From the shifting band hypothesis perspective, | can speculate that
the slower shift results in an initial difference in the alphal frequency, followed by a
subsequent one in the alpha2 sub-band.

The analysis of the topographical distribution of spectral power over the whole scalp
shows that these differences between blind and sighted children are attributable to the
activity of the visual area since the occipital region is mainly involved. This is of interest
when | consider the associations with motor dysfunctions. Indeed, lower alpha activity in
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blind children heightens the likelihood of both motor coordination impairment and
hypotonia. This supports the speculation that a perceptual deficit resulting from a lack of
vision can reduce a person’s capacity to interact with their external environment, with
potentially negative consequences for motor development over time. This speculation is
supported by the idea that alpha activity plays a fundamental role in the functional inhibition
of task-irrelevant areas, allowing for the correct allocation of resources (Jensen and
Mazaheri, 2010). Inadequate development of this inhibitory network could lead to a broader
range of disorders with growth. However, it is still also possible that a common factor
underlying both visual processing differences and sensorimotor abilities could be at play.
Thus, both occipital visual processing and motor difficulties could be due to a broader
common experiential factor of visual deprivation (i.e., visual deprivation could lead to
different visual processing, and it could also lead to impoverished motor experience). In
agreement with previous results, the regression findings indicate that this association
primarily emerges in the [3-6)Y age group, involving only the alphal band, before extending
to include the alpha2 band in the [6-11)Y age group.

In conclusion, the results of this study provide important points of discussion about the
brain mechanisms associated with alpha activity generation and that are affected by visual
deprivation, which will be better addressed in the general discussion in Chapter 5. In the next
section, I investigate the sleep counterparts of brain rhythms development related to sensory
processing.

The reported data have been partially extracted and adapted from Campus C, Signorini S,
Vitali H, De Giorgis V, Papalia G, Morelli F, and Gori M. Sensitive period for the plasticity
of alpha activity in humans (2021). Dev Cogn Neurosci. Figures were reproduced with
permission.

2.2 Exp.2: Sleep differences in children with and without
visual impairment

Sleep research in blind children is lacking (Vitali et al., 2022), although recent studies
provide new evidence (Adhikari et al., 2023; Ingram et al., 2022). The first findings about
sleep in blind children focused on sleep-wake cycle disorders because results in adults with
visual impairments show that they often present a disrupted sleep pattern. This disruption
can lead to non-24-hour sleep-wake disorder (N24SWD), where the sleep-wake cycle does
not align with the 24-hour day. It is rare in standard clinical practice but affects
approximately 72.2% of blind patients (Aubin et al., 2016; Dirks et al., 2019). This condition
influences daily activities, mood, and overall well-being. However, unlike adults, circadian
disturbances appear to be rare in children and adolescents born completely blind (Hartley et
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al., 2018). It is hypothesized that structured routines imposed by parents and educators, such
as regular meals, work patterns, and physical activity, may act as alternative synchronizers
for blind children, promoting a more regular sleep-wake cycle (Tahara et al., 2017). The loss
of these patterns in independently living adults could contribute to the development of
circadian disorders.

Despite the absence of circadian disorders, blind children often experience lower sleep
quality compared to sighted children, as well as higher sleep complaints (Adhikari et al.,
2023; Fazzi et al., 2008; Hayton et al., 2021; Ingram et al., 2022; Leger et al., 2002, 2001,
1999). For example, a questionnaire-based study involving 156 children (77 blind) aged
between 3 and 18 years showed that 17.4% of blind children (against 2.6% of controls) have
reported sleeping less than 7 hours a night, and 13.4% of blind children (vs. 1.3% of controls)
have daily episodes of involuntary sleepiness (Leger et al., 1999). Additionally, increased
difficulty falling asleep in childhood is common among blind children (Fazzi et al., 2008;
Leger et al., 2001, 1999). Another study shows that a large majority (89%) of visually
impaired children have clinically significant sleep problems, as indicated by elevated scores
on the Children's Sleep Habits Questionnaire, compared to normative data (Ingram et al.,
2022). In addition, differences in the sleep macrostructure are also reported. Specifically,
blind children have lower total sleep time (TST) and sleep efficiency (Adhikari et al., 2023,;
Leger et al., 2002, 2001). Moreover, sleep latency is increased, and REM sleep is disturbed
(with longer latency, the percentage decreases).

Conversely, none of the studies investigates their sleep microstructure, leaving
unrevealed which neurophysiological mechanisms could be impacted by visual deprivation.
Indeed, the investigation of specific sleep patterns could provide further insights. For
instance, sleep spindles are a marker of the role of sleep in brain development and in sensory
information processing, mirroring the activity of the thalamocortical loop (Fernandez and
Lathi, 2020; Halassa and Kastner, 2017; Steriade, 1999; Steriade et al., 1985). Indeed, while
people sleep, the sensory information acquired during daily activities is reprocessed and
consolidated (Fernandez and Lithi, 2020; Fogel and Smith, 2011; Gruber and Wise, 2016).
Sleep-dependent neuromodulation promotes local effects on specific sensory systems and
global effects on overall nervous system function, fostering brain plasticity and sensory
neurodevelopment (Blumberg et al., 2022; Brzosko et al., 2019; Jones, 2020). Studies on
monocular deprivation show that visual plasticity modulates spindles spectral activity (Aton
et al., 2013; Menicucci et al., 2022), suggesting that congenital visual deprivation from birth
may influence their generation due to a plastic reorganization of the sleep brain networks.

Spindles can be subdivided into slow (10-13Hz) and fast (13-16Hz), as described in
Chapter 1, each associated with different functions. Specifically, fast spindles oscillate in the
high-sigma band, prevail in the central region, and are associated with sensorimotor
processing (e.g., visuomotor performance, motor functioning, and motor learning), which is
affected by visual deprivation (Barakat et al., 2011; Chatburn et al., 2013; Jaramillo et al.,
2023; Schabus et al., 2007; Tamaki et al., 2008). Therefore, given the strong association with
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sensorimotor processing, | hypothesize that fast spindle development may be specifically
impacted in blind children.

Therefore, this study investigates whether blindness may influence sleep microstructure,
specifically sleep spindles. My analyses focus on three potential spindle biomarkers and their
associations with clinical indices: the spatial spindle-frequency distribution on the scalp,
spindle characteristics, and spindles’ event-related spectral perturbation (ERSP).

2.2.1 Methods

Participants

Sleep EEG recordings for 114 children were included in the study; 50 participants were blind
or severely visually impaired (BSI), and 64 were sighted (S). Both groups were subdivided
into two age bins: the first bin included children from 5 months to 3 years and had 27 BSI
(13 F, mean age = 1.65, sd=0.71) and 28 S (13 F, mean age = 1.58, sd=0.80); the second bin
had children from 3 to 6 years and included 23 BSI (16 F, mean age = 4.46, sd=0.85) and 36
S (12 F, mean age = 4.40, sd=0.87). A t-test was performed between the BSI and S groups'
ages for each age bin. They were non-significant for both the 0-3 (t(53)=0.36, P=0.72, 95%
CI=[-0.34, 0.48]y) and the 3-6 (t(57)=0.30, P= 0.80, 95% CI=[-0.40, 0.52]y) age-bins.
However, considering the maturational changes known to happen in the first decade of life,
like cortical rewiring, further analyses were performed considering age as a continuous
predictor. The analyses provided results that supported the adopted age bin subdivision.
Table 2.2 presents details about the BSI group. The inclusion and exclusion criteria were
similar to the previous experiment.

Code Biological Age (Y) Degree of visual Diagnosis

Sex impairment
001 M 0.37 totally blind Inherited congenital retinal dystrophy
002 M 0.43 totally blind Optic nerve hypoplasia
003 M 0.85 severely impaired Ocular albinism
004 F 0.88 totally blind Eye maldevelopment
005 M 1.02 totally blind Inherited congenital retinal dystrophy
006 M 111 severely impaired Nystagmus
007 F 1.19 severely impaired Nystagmus
008 F 1.21 totally blind Inherited congenital retinal dystrophy
009 M 1.23 totally blind Inherited congenital retinal dystrophy
010 F 1.32 totally blind Inherited congenital retinal dystrophy
011 F 1.32 totally blind Inherited congenital retinal dystrophy
012 M 1.43 totally blind Inherited congenital retinal dystrophy
013 F 1.45 totally blind Nystagmus
014 F 1.46 totally blind Retinopathy
015 F 1.59 severely impaired Inherited congenital retinal dystrophy
016 F 1.64 totally blind Inherited congenital retinal dystrophy
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017 M 1.76 totally blind Inherited congenital retinal dystrophy
018 M 1.81 totally blind Inherited congenital retinal dystrophy
019 F 1.99 totally blind Inherited congenital retinal dystrophy
020 M 2.14 severely impaired Inherited congenital retinal dystrophy
021 F 2.28 severely impaired Eye maldevelopment

022 M 241 totally blind Inherited congenital retinal dystrophy
023 F 2.61 totally blind Ocular albinism

024 M 2.66 severely impaired Eye maldevelopment

025 F 2.71 severely impaired Inherited congenital retinal dystrophy
026 M 2.72 severely impaired Inherited congenital retinal dystrophy
027 M 2.92 totally blind Eye maldevelopment

028 F 3.34 severely impaired Nystagmus

029 F 3.50 totally blind Inherited congenital retinal dystrophy
030 F 3.61 totally blind Inherited congenital retinal dystrophy
031 M 3.62 severely impaired Eye maldevelopment

032 F 3.65 severely impaired Nystagmus

033 F 3.70 totally blind Eye maldevelopment

034 F 3.75 severely impaired Inherited congenital retinal dystrophy
035 F 3.76 totally blind Inherited congenital retinal dystrophy
036 F 3.79 totally blind Inherited congenital retinal dystrophy
037 M 3.82 severely impaired Optic nerve hypoplasia

038 M 4.18 severely impaired Inherited congenital retinal dystrophy
039 M 4.23 totally blind Inherited congenital retinal dystrophy
040 F 4.55 totally blind Inherited congenital retinal dystrophy
041 M 4.71 severely impaired Inherited congenital retinal dystrophy
042 F 4.88 totally blind Optic nerve hypoplasia

043 F 4.92 severely impaired Optic nerve hypoplasia

044 F 5,00 severely impaired Optic nerve hypoplasia

045 F 5,01 totally blind Inherited congenital retinal dystrophy
046 F 5,28 totally blind Inherited congenital retinal dystrophy
047 M 5,58 severely impaired Inherited congenital retinal dystrophy
048 F 5,58 totally blind Inherited congenital retinal dystrophy
049 F 5,99 totally blind Inherited congenital retinal dystrophy
050 M 6,01 totally blind Inherited congenital retinal dystrophy

Table 2.2. Clinical details of the blind group. The table shows identification code, the biological sex, age
expressed in decimal years (i.e., age in days/365), the degree of visual impairment, and the diagnosis. Different
colors represent different age bins.

Data acquisition and preprocessing

Daytime naps were recorded with a 512Hz sampling frequency using a Nicolet Video-EEG
5.94 system. The recordings included EEGs from 19 derivations following the International

10-20 System

(Mecarelli, 2019), and further polygraphic channels included ECG,

pneumogram (PNG), EMG, and electrooculogram (EOG), depending on the children's
compliance. Along with their parents (or legal guardians), the participants arrived at the
laboratory at their scheduled time and were prepared for the EEG recording. Then, the
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children were placed in a dark, silent, and comfortable room while an expert EEG technician
continuously monitored their state. Starting from the first drowsiness period that appears on
the EEG trace, the participant had 50 minutes of sleep possibility.

Sleep scoring and the pre-processing analysis were performed offline. Specifically, The
sleep recordings were processed using EEGLAB (Grandchamp and Delorme, 2011) and
Hume (https://github.com/jsaletin/nume) software. Any missing or artifacted electrodes
were interpolated. The EEG was filtered using a notch (50+-5 Hz) and a band-pass filter
between 0.16 and 100 Hz; in turn, it was subsampled to 256 Hz and re-referenced to the
average of all the electrodes. Data were scored for sleep stages using 30-s epochs in
accordance with the AASM manual criteria (Berry et al., 2020).

Data were subsequently pre-processed to examine both macro- and micro-structural sleep
aspects. The macrostructural analysis involved the examination of sleep statistics and
spectrograms. Spectrograms were computed by dividing each scoring page into 6 non-
overlapping 5-second segments. The power spectral density (PSD) was then calculated for
each segment using the Pwelch function, averaging across segments within each 30-second
epoch. The power of sigma and delta frequency bands was measured for each 30-second
epoch and normalized to the mean power of total sleep time (TST). The microstructural
analysis focused on sleep spindles. The detect spindles EEGLAB plug-in (Ray et al., 2015)
was employed to automatically detect the sleep spindles (10-16Hz) using a minimum
duration threshold of 0.5 seconds. The spindle events on the Frontal (F3, F4, Fz) and Central
(C3, C4, Cz) electrodes during the N2 and N3 sleep stages were considered. An event-related
spectral perturbation (ERSP) in dB of spindle events was also computed. Data were
segmented from 1s before to 4s after spindle onset, with the period from -1s to Os serving as
a baseline. ERSP was calculated using the newtimef function of EEGLAB. For each
participant, the whole time-frequency distribution was extracted from 3 to 32 Hz using a
Morlet Wavelet (cycles starting from 3 at the lowest frequency and increasing with a 0.1
factor with frequency). The low-sigma, high-sigma, and the observed clear modulation
within the high-beta (25-30Hz) bands were considered. For each band, the mean ERSP was
computed within the Frontal and Central ROIs (Region of Interests), while considering the
temporal evolution over the whole epoch time course (Figure 2.6.A). Subsequently, |
evaluated the ERSP within 1s time-windows from sleep onset to 4s after, considering the
ERSP mean for each time-window (Figure 2.6.B).
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Figure 2.6. ERSP power of sleep spindles. A) Plot of time-frequency distribution for each group, age-bin,
and ROIs. (B) ERSP curve representation of the low-sigma, high-sigma, and high-beta on the Frontal and
Central ROIs for each group and age bin.

Statistical analysis

Statistical analyses were conducted in the R environment (R Core Team, 2021). Linear
mixed models (LMMs) were fitted using the Imer function of the Ime4 package (Bates et al.,
2015). The predictors were evaluated using Type III Wald 2 tests, as implemented in the
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Anova function of the car package. Where not otherwise specified, the contrasts were further
investigated with the emmeans function of the emmeans package (Lenth, 2022) by obtaining
their estimated marginal means (EMMs). Instead, linear models (LMs) were fitted using the
Im function. The predictors were evaluated using an F test implemented in the Anova
function of the car package (Fox and Weisberg, 2018). The analyses were repeated while
considering continuous age to evaluate the maturational effects in more detail. Indeed, it is
always suboptimal to dichotomize continuous variables. Thus, the planned contrasts were
investigated with the emtrends function while considering age as a continuous covariate. All
the effects were considered significant when P<0.05 after the Bonferroni correction.
Following, | show the specific statistical analysis performed for sleep macro- and
microstructures.

For the sleep macrostructure, the effects of the groups (S and BSI) and age bin ((0-3)Y,
Young and (3-6)Y, Old) were evaluated on the sleep statistics and spectrogram activities in
the sigma and delta bands. For the sleep statistics, the TST in minutes and the percentage of
stages N1, N2, N3, NREM, and REM on TST were considered. LM was fitted considering
each sleep statistic independently as the dependent variable, while group and age bin served
as the predictors. Because only a small percentage of participants reached the REM stage,
this data was excluded from the subsequent analysis. The delta (0.5-4.75 Hz) and sigma (10-
16 Hz) activities were extracted from the spectrogram, normalized, and then averaged
separately for N1, N2, and N3. LMM was fitted for each independent band with mean power
as the dependent variable and group, age bin, and sleep stage as predictors. According to
Wilkinson’s notation (Wilkinson and Rogers, 1973), the models fitted were:

Sleep statistics: Sleep stage ~ group (S/BSl)*age_bin(Young/Old)

Spectrogram: Mean_power ~ group(S/BSl)*age_bin(Young/Old)*sleep_stage +
(1|participant)

For sleep microstructures, separate analyses were performed for sleep characteristics and
spindle ERSP. Firstly, the mean spindle frequency (SF) was evaluated by fitting an LMM,
considering SF as the dependent variable, group and age-bin as the between-subject factors,
and ROI as the within-subject factor. Secondly, the characteristics (spindle density in #/min
and duration in s) of slow and fast spindles on the separate ROIs were investigated by fitting
LMMs considering spindle characteristics as the dependent variables, while the group, age
bin, and frequency band as the predictors. The analyses were repeated while considering
continuous age to evaluate the maturational effects in more detail. Thirdly, The ERSP
modulations were assessed by fitting a LMM model considering the ERSP mean as the
dependent variable, while the group, age bin, and time-window ([0-1]s, [1-2]s, [2-3]s, [3-
4]s) were evaluated in the LMM. Afterward, we also investigated the peak power within the
spindle time-window ([0-2]s) for each frequency band and ROI using the aov function to
consider the interindividual variability. According to Wilkinson’s notation (Wilkinson and
Rogers, 1973), the models fitted were:
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Mean spindle frequency: spindle frequency ~ group (S/BSl)*age bin(Young/Old)*
ROI(Central/Frontal) + (1] participant)

Spindles characteristics: spindle feature ~ group (S/BSI)*age bin(Young/Old)* frequency
band(Fast/Slow) + (1| participant)

Spindles ERSP mean: ERSP mean ~ time window ([0-1]s, [1-2]s, [2-3]s, [3-4]s)*group
(S/BSI)*age bin(Young/Old) + (1| participant)

Spindles ERSP peak: ERSP peak ~ group (S/BSI)*age bin(Young/Old)

The analyses were repeated while considering continuous age to evaluate the maturational
effects in more detail.

Finally, a possible association between the neurophysiological biomarkers and the
selected clinical indices was examined. First, if the severity of visual impairment (i.e.,
Sighted (S) =0, Severely Visually Impaired (SVI) =1, and Blind (B) =2) could be predicted
from the investigated spindle measures was evaluated, applying ordinal regression models
using the orm function of the rms package. According to Wilkinson’s notation (Wilkinson
and Rogers, 1973), the models fitted were:

Association with mean spindle frequency: Visual impairment index ~ group (S/BSI)*age
bin(Young/Old)* ROI(Central/Frontal)*spindle frequency

Association with spindles characteristics: Visual impairment index ~ age
bin(Young/Old)*frequency band(Fast/Slow)*spindle feature(duration/density)

Spindles ERSP mean: Visual impairment index ~ time window ([0-1]s, [1-2]s, [2-3]s, [3-
4]s)*age bin(Young/Old)* ERSP mean

Spindles ERSP peak: Visual impairment index ~ age bin(Young/Old)* ERSP peak

The analyses were also repeated with continuous age instead of age bins.

Subsequently, in the BSI children only, the spindle biomarkers were related to the specific
clinical scores that reflect sensory, environmental interaction, and motor dysfunction: MCI
and hypotonia evaluated through neurologic examinations; and social adaptation, spatial
exploration, verbal comprehension, and expressive language, measured with subscales of the
RZS (Reynell, 1978). Then, to identify more reliable factors, a factorial analysis was
performed in which all these indices were included (Drasgow, 2004; Revelle, 2009). This
factorial analysis was based on a polychoric correlation matrix. Parallel analysis suggested
that 2 clinical factors were most appropriate. The first clinical factor was environmental
interaction, which accounted for spatial exploration, social adaptation, and language indices.
The second clinical factor was motor disorders, which accounted for motor coordination
impairment and the hypotonia indices. For each clinical factor, the related scores were
computed. Then, two extracted factors, instead of the original 6 indices, were used to test
their possible associations with electrophysiological biomarkers, fitting linear regression
models. According to Wilkinson’s notation (Wilkinson and Rogers, 1973), the models fitted
were:
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Association with mean spindle frequency: clinical factor ~ group (S/BSl)*age
bin(Young/Old)* ROI(Central/Frontal)*spindle frequency

Association with spindles characteristics: clinical factor ~ age bin(Young/Old)*
frequency band(Fast/Slow)*spindle feature(duration/density)

Spindles ERSP mean: clinical factor ~ time window ([0-1]s, [1-2]s, [2-3]s, [3-4]s)*age
bin(Young/Old)* ERSP mean

Spindles ERSP peak: clinical factor ~ age bin(Young/Old)* ERSP peak

The analyses were also repeated with continuous age instead of age bins.

2.2.2 Results

This study investigates the hypothesis that the development of fast sleep spindles may be
specifically affected in blind children by being strictly associated with sensory information
processing. | show here both macro- and micro-structural aspects. Macrostructural analyses
did not show significant differences between BSI and S children. Microstructural analyses
were focused on three potential spindle biomarkers and their association with clinical
indices: spatial spindle-frequency distribution on the scalp, spindle characteristics (density
and duration), and spindle ERSP in different ROIs. The findings revealed that BSI children
lacked the evolution of developmental spindles within the central area. Specifically, young
BSI children presented low central high-sigma and high-beta ERSP and showed no signs of
maturational decrease. High-sigma and high-beta activity in the BSI group correlated with
clinical indices predicting perceptual and motor disorders. In the following paragraphs, I
present the specific results.

Sleep Macrostructure

No relevant differences emerge between the BSI and S children in sleep statistics (see Table
2.3). There is only a small difference in the percentage of N3 (F(1,107) = 3.94, P = 0.049).
Regarding developmental differences, the sleep statistics show an increase in NREM
(F(1,107) = 4.3, P =0.04) and a decrease in REM sleep (F(1,107) = 4.3, P = 0.04) in the old
age bin compared with the young age-bin, as expected by the typical sleep macrostructural
development. In addition, an increase of sigma activity is found during N3 with age,
x2(1)=6.69, P=0.01. Considering age bin analysis, no significant differences emerge
between the BSI and S children in the spectrogram activity.
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Sleep Statistics

S BSI Group effect Age bin effect
(0-3)Y (3-6)Y (0-3)Y (3-6)Y  F(Dfn,Dfd) p F(Dfn,Dfd) p

TST (min + se) 430+14  431+12  404%24 40422  2.18(1,107) 0.14 0.00(1,107) 0.99

9% Stage 1 * se 17422 2019 20+2.7 19+20  0.28(1,107) 0.60 0.19(1,107) 0.66

9% Stage 2 * se 39+27 44£22 45+132 49+3.1 3.18(1,107) 0.08 2.52(1,107) 0.12

9% Stage 3 * se 39+35 3334 27+37 3142 3.93(1,107)  0.049* 0.26(1,107) 0.61

(S>BSI)

% NREM = se 95+15 97+ 1.4 92+23 98+1.2 0.51(1,107) 0.48 4.3(1,107) 0.04*
(O>Y)

% REM + se 5+15 3+14 8§+2.3 2+12 0.51(1,107) 0.48 4.3(1,107) 0.04*
(Y>0)

Table 2.3. Sleep Macrostructural Statistics. Results from the macrostructure parameters of the sleep statistics
analysis. Significant results are in bold. The meaning of the interaction is stated within brackets; these show
the relationships between the sighted (S) and the blind/severely impaired (BSI) groups as well as the 0-3 years
and the 3-6 years age-bins.

The specificity of the central area

Figure 2.6. provides an overview of spindle topography distribution, showing the effects of
group, age bin, and ROIs on mean spindle frequency (SF), ¥2(1)=99.89, P<0.0001. Fast
spindles are mainly localized in the central area, while slow spindles in the frontal area.
Indeed, SF is higher in the central than the frontal ROI in all groups and age bins: young S,
Z=11.21, P<0.0001, young BSI, Z=13.94, P<0.0001, old S, Z=27.24, P<0.0001, and old BSI
group, Z=22.74, P<0.0001. Additionally, S children show reduction with age in both frontal,
Z=-5.03, P<0.0001, and central, Z=-3.07, P=0.03, ROls; this reduction is not evident in BSI
children. Continuous age analyses provide evidence of a selective absence of SF maturation
in only the central ROI in BSI children. Indeed, the statistic shows a significant reduction
with age in both frontal and central ROIs in S children, Z=-4.6, P<0.0001 and Z=-3.09,
P=0.002, respectively; and only in the frontal region, Z=-3.50, P=0.0005, in the BSI group.
Between-group contrasts provide evidence of significant interaction in the central area, Z =
2.08, P=0.04.
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Figure 2.7. Topographical distribution of mean spindle frequency. (A) The 3D models represent the group
differences between the two age bins and the different ROIls. (B) Plot of mean spindle frequency (violin plot),
the median (box plot) and related 95% CI (vertical line), and the single subjects spindle frequency (scattered
plot) for each age-bin, group, and ROIs. The stars represent the significant p values: The grey stars represent
the interactions within the ROIs; the black stars represent the interactions between the ROIs. (C) Plot of the
frontal and central spindle frequency evolution considering age as a continue variable.

Slow and fast spindle evolution

Figure 2.7. shows the changes in the characteristics of slow and fast spindles. BSI children
exhibit distinct patterns in spindle duration, ¥2(1)=125, P<0.0001, and density, ¥2(1)=11.60,
P=0.0003, compared to their S counterparts in the central area. In S children, fast spindles
are longer than slow spindles in the young age bin, Z=19.34, P<0.0001, while slow spindles
are longer in the old age bin, Z=-8.10, P<0.0001. There is a reduction in fast spindle duration
between age bins, Z=-3.3, P=0.01, confirmed by continuous age analysis, Z=-4.62,
P<0.0001. In contrast, BSI children show longer fast spindles in the young age bin, Z=6.04,
P<0.0001, with minimal changes with age. Continuous-age analysis reveals a slight
reduction in fast spindle duration with age, Z=-2.20, P=0.03. Regarding spindle density, fast
spindles are denser than slow spindles in young S children, t(106)=5.4, P<0.0001, while no
difference is observed in young BSI children. Maturation with age of both slow and fast
spindles is evident only in S children. Fast spindles are denser in the young age bin, t(212)=-
3.1, P=0.02, while slow spindles are denser in the old age bin, t(212)=3.8, P=0.003.
Continuous age analysis confirms that fast spindle density decreases with age in S children,
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t(220)=-3.47, P=0.0006, while slow spindle density increases with age, t(220)=4.12,
P=0.0001. Contrasts between BSI and S children show significant differences in the
development of both slow, t(220)=-3.34, P=0.001, and fast spindles, t(220)=2.20, P=0.03.
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Figure 2.8. Characteristics of slow and fast sleep spindles. (A)and (B) plot, respectively, the mean spindle
duration and density (violin plot), the median (box plot) and related 95% CI (vertical line), and the single
subjects spindle duration (scattered plot) for each age-bin, group, and frequency band. The stars represent the
significant P values: the grey stars represent the interactions within the spindle frequency band; the black stars
represent the interactions between the spindle frequency band. (C) and (D) plot, respectively, the slow and
fast-spindles evolution of duration and density considering age as a continue variable. The bigger stars
represent a significant P value < 0.001; the small star represents a significant P value < 0.05.

Slow and fast spindle evolution

ERSP allows us to delve beyond global spindle descriptors, exploring frequency distribution
and timing of activation during spindle events. Indeed, a preliminary visual inspection of
spindle ERSP sometimes indicates increased high-beta power (Figure 2.6). Previous studies
reported concurrent high-frequency activity with spindles in animals (Averkin et al., 2016)
and humans (Clemens et al., 2011). Only one presented evidence of a concurrent component
time-locked to the spindle, spanning from ~ 24 to 30 Hz, in the centro-parietal areas
(Laventure et al., 2018). Thus, the analysis was extended to explore this frequency band.
Using LMMs, the effects of age and group on mean ERSP were evaluated separately for
each ROI in 1-second time windows from 0 to 4 seconds after spindle onset. Differences
between age groups and between BSI and S children are evident in the high-sigma and high-
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beta bands in the central area, as Table 2.4 shows. Specifically, young S children exhibit
higher activity than their BSI peers in the high-sigma band in the second time window, and
this difference persists in continuous age analysis, including both spindle time windows.
Moreover, power is significantly higher in young compared to older S children, while a
developmental difference is almost absent in BSI children. Similarly, the high-beta band
power is higher in young than in old S children, while no developmental differences were
found in the BSI children. These effects also persist with continuous age.

Low Sigma High Sigma High Beta

Mean ERSP Age-bin
Mean frequency ~ time window*group*age bin + (1|subject)

xA(Df) p 22(Df) p 22(Df) p
time_window*group*age_bin 1.46(3) 0.69 9.36(3) 0.02 11.66(3) 0.009
Post Hoc for each time window

[0-1]s [1-2]s [0-1]s [1-2]s [0-1]s [1-2]s

t(Df) p t(Df) p t(Df) p t(Df) p t(Df) p t(Df) p
BSI-S contrast (0-3)Y - - - - - - -2.87 0.004 -1.98 0.048 -2.92 0.004
(377) (392)
BSI-S contrast (3-6)Y - - -
(0-3)Y — (3-6)Y contrast BSI - - - - - - 2(377) 0.046
(0-3)Y — (3-6)Y contrast S - - - - 3.62 0.0003 5.13 <0.000 3.59 0.0004 3.75 0.0002
(377) (377) 1 (392) (392)

Mean ERSP Age
Mean frequency ~ time window*group*age bin + (1|subject)

x(df) p x(df) p x(df) p
time_window*group*age 2.17(3) 0.5 9.09(3) 0.03 14.31(3) 0.002
Post Hoc for each time window
[0-1]s [1-2]s [0-1]s [1-2]s [0-1]s [1-2]s
y(Df) P t(Df) p t(Df) P t(Df) P t(Sf) p t(Df) p
BSI-S contrast - - - - 2.04 0.04 2.59 0.01 191 0.056 221 0.03
(384) (384) (393) (393)
BSI - - -2.17 0.03 -2.07 0.04 -
(384) (393)
S - - - - -4.64 <0.0001 -6.46 <0.0001 -5.31 <0.0001 -4.66 <.0001
(384) (384) (393) (393)

Table 2.4. Statistics of mean spindle ERSP. LMM results on Central ROI were reported. Models are expressed
with the Wilkinson notation.
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To consider interindividual variability, the effects of group and age on peak power in the
spindle time window ([0-2]s) were also investigated, showing similar results in the age-bin
and continuous age analysis, as reported in Table 2.5.

Low Sigma High Sigma High Beta

Peak ERSP Age-bin
Peak frequency ~ group*age bin

F(Dfn, Dfd) p F(Dfn, Dfd) p F(Dfn, Dfd) p
Group*age bin 0.03(1,110) 0.87 4.02 (1,110) 0.047 7.1(1,110) 0.0087
Post Hoc

t(Df) p t(Df) p t(Df) p

BSI-S contrasts (0-3)Y - - - - 3.65(110) 0.0016
BSI-S contrasts (3-6)Y
(0-3)Y — (3-6)Y contrasts BSI
(0-3)Y — (3-6)Y contrasts S - - -5.06(110) <0.0001 -5.45(110) <0.0001
Peak ERSP Age
Peak frequency ~ group*age

F(Dfn, Dfd) p F(Dfn, Dfd) p F(Dfn, Dfd) p
Group*age 2.17(1,110) 0.87 6.66(1,110) 0.011 7.57(1,110) 0.0069
Post Hoc

t(Df) p t(Df) p t(Df) p

BSI-S contrast - - 2.58(110) 0.011 2.75(110) 0.0069
BSI
S - - -5-32(110) <0.0001 -5.95(110) <0.0001

Table 2.5. Statistics of peak spindle ERSP. LMM results on Central ROl were reported. Models are expressed
with the Wilkinson notation.

Association with clinical scores

Finally, the association between spindle biomarkers and specific clinical indices predicting
perceptual and motor disorders was examined, as shown in Figure 2.8. First, the findings
reveal that sleep density and spindle ERSP are robust predictors of the visual impairment
index (VII). Notably, a significant interaction between spindle frequency band, density, and
age bin, ¥2(1)=12.39, p=0.0004, as well as continuous age, x*(1) =12.02, p=0.0005, is found.
A lower density of fast spindles in the young age bin corresponded to a higher probability of
being classified as a blind child, whereas a higher density in the old age bin is associated
with a higher likelihood of being classified as a blind child. Conversely, slow spindle
patterns exhibit an opposite trend. The SVI group demonstrates a mixed pattern between S
and B groups.

Furthermore, significant interactions are observed between age-bin and mean ERSP in
both the high-sigma, ¥?(2) =10.51, p=0.005, and high-beta, ¥*(2) =10.31, p=0.006, bands.
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These interactions persist when age is considered a continuous variable, showing results of
¥?(2)=11.59, p=0.003 and y*(2)=8.44, p=0.01, respectively. Similarly, significant
interactions between age bin and peak ERSP in both high-sigma, ¥*(1) =6.99, p=0.008, and
high-beta, *(1) =4.8, p=0.03, frequency bans. Once again, these interactions are confirmed
when considering age as a continuous variable, showing results of ¥?(1)=9.91, p=0.002 and
v?(1)=5.17, p=0.02, respectively. From an interpretative point of view, both frequency bands
showed a similar behavior as for fast spindle density.
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Figure 2.9. Association with clinical indices: Visual impairment index (VII). Figure (A) shows the
association between VII and density. Figure (B) shows the association between VIl and ERSP mean. Figure
(C) shows the association between VIl and ERSP peak. Different colors represent different visual impairments,
specifically S=sighted, SVI=Severely visually impaired, and B=blind.

Regarding the environmental interaction and motor disorders factors, a trend is observed
for the interactions between age-bin, time window, and ERSP mean in the high-sigma band
for the motor disorders, F(1,78) =3.7, p=0.057. This trend becomes fully significant when
age is considered continuously, F(1,78) =5.7, p=0.02. Specifically, higher high-sigma
activity within the [0-1]s time window in the old age bin is associated with increased motor
disorder scores. Finally, a main effect of a high-beta ERSP peak for the motor disorders
factor is found, F(1,39)=4.89, p=0.03, which shows a negative association. These results are
illustrated in Figure 2.9.
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Figure 2.10. Association with clinical indices: Motor disorder factor. Figure (A) shows the association
between the motor disorder factor and ERSP mean results. Different colors represent different age-bin. Figure
(B) shows the results of the association between the motor disorder factor and ERSP peak.

2.2.3 Discussion of results

Spindles are a hallmark of sensory information processing during sleep (Fernandez and
Lathi, 2020; Fogel and Smith, 2011; Gruber and Wise, 2016), and can be a marker of normal
or abnormal neurodevelopment. Here, | propose that blindness might trigger brain
reorganization, affecting spindle development, and especially fast spindles due to their
association with sensorimotor processing (Barakat et al., 2011; Chatburn et al., 2013;
Jaramillo et al., 2023; Schabus et al., 2007; Tamaki et al., 2008). The results indicate that
blind children show a unique absence of mean spindle frequency reduction in the central
region, indicating impaired involvement of the sensorimotor area. Typically, a decrease in
mean frequency is present in children between ages 2 to 5 years cause of neural development
processes, such as synaptic pruning, that occurs from infancy to adolescence (D’Atri et al.,
2018; Kwon et al., 2023; McClain et al., 2016). The absence of frequency reduction in blind
children suggests delayed cortical maturation in the central area, possibly due to altered
synaptic changes in early life.

These results align with findings on fast spindles and spectral power. Indeed, fast spindle
density and duration development are either absent or slight in blind children in the central
area. Fast spindles are crucial for sensorimotor (Schabus et al., 2007) and neural processing
(Geiger et al., 2011; Lustenberger et al., 2012; Maquet, 2010) and undergo significant
changes during early development following the trajectory of cortical growth (Kwon et al.,
2023). The lack of spindle evolution in blind children suggests compromised neural
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processes essential for optimal brain maturation. Analysis of spindle ERSP similarly showed
a specific impact of blindness on high-sigma and high-beta power evolution with age in the
central region.

Overall, this study indicates that the typical developmental trajectory of the fast spindles
does not occur in blind children, suggesting that vision is extremely important in the proper
development of the neural structures underlying brain rhythms. The high frequencies and
central regions' selective involvement provide evidence of a strong link with sensory and
motor information processing. A recent study demonstrated that fast spindles could be a
crucial developmental biomarker in infancy, predicting sensorimotor scores (Jaramillo et al.,
2023). Here, | also show that different spindle biomarkers can be good predictors of visual
impairment in early life and motor disorders starting from the three years of life. This
suggests that the age of three seems critical in delineating developmental differences
between blind and sighted children.

Fast spindles and their concurrent beta modulation could serve as important early
biomarker in blind children, reflecting early neurophysiological mechanisms and predicting
future impairment. This study highlights the importance of investigating the sleeping brain
to identify the early biomarkers of developmental divergence in blind children. It provides
new insights into how sensory deprivation produces neural divergence from the typical
developmental trajectory. In conclusion, Chapter 2 demonstrates the presence of significant
neurophysiological mechanisms impacted by visual deprivation with age, both in
wakefulness and sleep. These mechanisms may be linked to the same neural networks related
to thalamocortical activity, contributing to increasing the knowledge about the influence of
blindness on the development of brain structures. Further discussion about the neural
mechanisms will be provided in Chapter 5.

The reported data have been partially extracted and adapted from Vitali H, Campus C,
Signorini S, De Giorgis V, Morelli F, Varesio C, Pasca L, Sammartano A, Gori M. Blindness
affects the developmental trajectory of the sleeping brain (2024). Neuroimage. Figures were
reproduced with permission.
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Chapter 3

Sensory and spatial representation in
blind infants

In Chapter 1, | emphasized that vision is the most reliable sense to represent spatial
information. Given the role of visual experience, it is conceivable that the absence of vision
from birth may interfere with the development of spatial representation. However, research
findings regarding spatial performance after visual loss have produced conflicting outcomes.

Historically, investigations into the functioning of the blind brain have predominantly
focused on the compensatory capacity of visual areas to process non-visual information
(Frasnelli et al., 2011; Kupers and Ptito, 2011; Renier et al., 2014; Sadato et al., 1996). The
"sensory compensatory hypothesis” posits that blind individuals exhibit exceptional
perceptual abilities in their remaining sensory modalities to compensate for visual
deprivation (Miller, 1992). Experimental evidence supporting this hypothesis in the realm
of spatial representation includes studies demonstrating enhanced skills among early blind
individuals in tasks such as peripheral sound localization in the horizontal plane (Lessard et
al., 1998; Roder et al., 1999; Zwiers et al., 2001), cognitive mapping for auditory localization
(Fortin et al., 2008; Tinti et al., 2006), tactile spatial acuity (Goldreich and Kanics, 2003;
Legge et al.,, 2008; Van Boven et al., 2000; Wong et al., 2011), relative distance
discrimination (Kolarik et al., 2013; Voss et al., 2004), and hand-pointing localization tasks
(Rossetti et al., 1996).

Compensatory mechanisms at the neural level may elucidate the augmented spatial
perceptual abilities observed in blind individuals across their remaining senses (Collignon
etal., 2009; Gougoux et al., 2005; Voss and Zatorre, 2012). The remarkable plasticity of the
brain enables the adoption of compensatory mechanisms to sustain spatial skills. Indeed,
significant structural and functional reorganization occurs at both subcortical and cortical
levels following visual deprivation. For instance, the visual occipital cortex of blind
individuals exhibits discernible responses to somatosensory and auditory stimuli (Collignon
et al., 2011, 2009; Gougoux et al., 2005; Poirier et al., 2005; Renier and De Volder, 2005;
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Striem-Amit and Amedi, 2014; Voss and Zatorre, 2012; Weeks et al., 2000). Contemporary
research posits that while the deprived visual cortices retain specific task specializations,
they are engaged by non-visual input (Dormal and Collignon, 2011), a phenomenon referred
to as sensory-independent supramodal cortical organization (Ricciardi et al., 2014), or task-
specific sensory-independent organization of the brain (Heimler et al., 2015). The absence
of visual input also fosters increased functional connectivity between the primary auditory
cortex and occipital regions (Collignon et al., 2013), as well as changes in non-visual
auditory (Elbert et al., 2002) and somatosensory (Park et al., 2009) cortices. Intriguingly, the
brain reorganization extends to subcortical structures such as the volume of the lateral
geniculate nuclei (Cecchetti et al., 2016).

While, on the one hand, the absence of vision can adopt compensatory mechanisms, on
the other hand, it has also been demonstrated that the lack of visual input can detrimentally
impact the development of some additional processes. The "perceptual deficiency
hypothesis™ posits that improvements in auditory and tactile skills following visual
deprivation are not uniform and appear contingent upon various factors (e.g., age of onset,
severity of blindness, nature of task, etc.). For example, visually impaired individuals exhibit
deficits in estimating the absolute distance of auditory cues (Kolarik et al., 2017, 2013),
performing tasks involving spatial imagery (Cattaneo et al., 2008), metric representation of
auditory space (Gori et al., 2014), auditory distance discrimination, or proprioceptive
reproduction (Cappagli et al., 2017). Researchers have also reported deficits in blind
individuals regarding the representation and updating of haptic spatial information
(Pasqualotto and Proulx, 2012), tactile perception during non-canonical body position
(Roder et al., 2004), and changes in multisensory bodily perception (Radziun et al., 2024).

These results raise questions regarding the extent of cross-modal plasticity in cases of
vision loss. Neurophysiological evidence indicates that lateralized visual activation in
response to sounds, serving as an amodal indication of spatially oriented auditory attention,
is discernible in congenitally blind individuals (Amadeo et al., 2019). Consequently, the
auditory activation of the visual area does not require visual experience, which, conversely,
seems to facilitate the cross-modal reorganization. However, in scenarios requiring the
construction of intricate spatial representations, such as spatial bisection tasks, the specific
occipital response to sounds in blind individuals seems to be linked not to the physical
position of the stimulus (as in sighted individuals) but to the “virtual” position of the stimulus
inferred from the time delay (Campus et al., 2019). Thus, the sensory-independent
supramodal organization of visual areas is contingent, at least in certain instances, upon
visual experience. However, most of these spatial difficulties do not manifest in late blind
individuals (Cappagli et al., 2017; Collignon et al., 2011; Finocchietti et al., 2015; Gori et
al., 2010; Lehtinen-Railo and Juurmaa, 1994; Voss et al., 2008), suggesting that the first
years of life can constitute a sensitive period for the development of spatial metrics.

Only one study investigates the multisensory spatial perception in blind infants, revealing
that they encounter challenges in localizing tactile stimuli but not auditory stimuli during
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non-canonical body positions (Gori et al., 2021). Specifically, in auditory tasks, blind infants
demonstrate comparable levels of accuracy and reaction times (RTs) to their sighted peers
across both uncrossed and crossed-hands body postures. In contrast, sighted infants exhibit
slower and less accurate responses during tactile tasks in the crossed-hands condition,
whereas visually impaired infants do not. Thus, changes in body posture do not influence
the responses of visually impaired infants. These findings validate the significant role of
vision in influencing body representations on tactile perception during infancy.

In the next section, I illustrate possible cortical mechanisms underlying audio and tactile
spatial perception in severely visually impaired infants (section 3.1). Results demonstrate
that visual experience is a prerequisite for developing neural correlates associated with
external spatial coordinates. Moreover, | present some preliminary data investigating the role
of sleep in the modulation of alpha activity during audio and tactile stimulation (section 3.2).
Indeed, an extended neural network is activated during sleep, favoring brain plasticity
(Brzosko et al., 2019; Jones, 2020). Sleep-dependent neuromodulation promotes local
effects on specific sensory systems and global effects on overall nervous system function.
These effects foster the development of sensory systems, possibly incorporating memories
from the most salient sensory information relevant to everyday experience. The findings of
Chapter 3 offer important insights into the changes in neural mechanisms when the vision
inputs are lacking in the early sensitive period.

3.1 Exp.1: The absence of vision in early life impairs the
somatosensory body remapping

Upon perceiving touch, our brain takes into account the current position of our limbs to
determine the touch's location in external space, regardless of limb resting position (Azafion
et al., 2010b; Azafion and Soto-Faraco, 2008; Gori et al., 2021; Heed and Azafion, 2014;
Rigato et al., 2014). In situations involving non-canonical limb positions, additional neural
networks are engaged. Indeed, when adults attempt to locate a tactile stimulus on the hand
during a crossed-hands posture, the touch is not attributed to the stimulated hand but rather
to the corresponding side of external space (Heed and Azafién, 2014; Maij et al., 2020).
These phenomena, known as "“crossed-hand effects,"” are evident both in behavior and neural
responses: the tactile ERP deviates from its typical contralateral pattern and becomes
ipsilateral to the stimulated hand. The process of localizing a touch on the body entails a
double mechanism. First, the stimulus is localized on the body, and later, it is mapped onto
external space by considering the arrangement of the limbs (Longo et al., 2010). ERPs mirror
this two-step process, with an early period, around ~50ms, during which the tactile stimulus
is mapped to the body's coordinates (Azafién et al., 2010a; Azafion and Soto-Faraco, 2008;
Soto-Faraco and Azafién, 2013); and a subsequent later period, around ~100ms, that marks
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the completion of the shift to the external reference space (Eimer et al., 2004; Heed and
Raoder, 2010; Rigato et al., 2013; Soto-Faraco and Azafidn, 2013). The first step reflects the
activity of the primary somatosensory cortex (SI) (Allison et al., 1992, 1989; Hamaél&inen et
al., 1990). Then, activity extends to the secondary somatosensory cortex (SllI), posterior
parietal regions (PPC), and frontal areas (Mauguiére et al., 1997). The involvement of SlI
and its associated network indicates the phase of remapping of tactile information, probably
influenced by back-projections from the PPC to somatosensory cortices (Buchholz et al.,
2011; Macaluso et al., 2000; Schubert et al., 2008).

Regarding brain oscillations, tactile remapping appears to be associated with alpha
activity. Specifically, different frequencies of brain activity have been observed when
localizing touch with uncrossed- and crossed-hand postures. This suggests that specific
frequency bands correspond to distinct spatial processes and reference frames (Heed et al.,
2015). Alpha-like (mu) and beta activities in central areas seem to indicate skin-based,
anatomical coding of stimuli. Conversely, a modulation of alpha-like activity in centro-
parietal regions is linked to external tactile coordinates. Indeed, crossing the hands reduces
the lateralization of alpha-band activity in the posterior parietal cortex, indicating that
attention is influenced by external spatial coordinates (Buchholz et al., 2013, 2011; Fabio et
al., 2024; Ossandon et al., 2020; Schubert et al., 2019, 2015).

The ability to remap tactile stimuli develops in the first stages of life, driven by the shift
from a body-centered to an external primary reference frame. However, as previously
reported, visual feedback plays a crucial role in developing these spatial skills (Rigato et al.,
2014). Indeed, congenitally blind adults and infants lack the crossed-hand effects observed
in sighted individuals (Eardley and van Velzen, 2011; Gori et al., 2021; Ley et al., 2013;
Raoder, 2012; Roder et al., 2004), as well as the related modulation of alpha activity during
tactile remapping (Schubert et al., 2019, 2015). However, it remains unexplored to what
extent brain activity is influenced by limb position when blind infants experience tactile
stimuli and whether a clearly defined two-step process is evident in brain responses in
sighted infants. | hypothesize that neural processes related to somatosensory perception and
body mapping are modulated by vision in a specific functional temporal hierarchy, and the
absence of visual experience may alter these neural patterns. Conversely, | predict that limb
position may not noticeably impact brain responses to auditory stimulation, considering that
auditory stimuli are directly mapped on external reference frame from the first stages of
Sensory processing.
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3.1.1 Methods

Participants

Twelve severely visually impaired (SVI) infants (6F, median age=28.1 months, age
range=10-54 months) and twelve sighted (S) infants (5F, median age=31 months, age
range=12-52 months) with similar ages (t(20)=0.51, p=0.61) were included in this study.
Informed consent was obtained from the infants’ parents before commencing the study.
Table 3.1 shows demographic and clinical details. It is challenging to gather large samples
of SVI infants while meeting our exclusion criteria (see below). However, according to a
statistical t-test, with o = 0.05 and power = 0.80, 12 participants are needed to achieve a
significant result if a large effect size (d = 1.2) is expected, as shown in a previous study
(Gori et al., 2021). Grating acuity was measured with Teller acuity cards as appropriate for
pre-verbal children and infants (Teller et al., 1986). None of the participants had a history of
prenatal infections, fetal and perinatal distress, metabolic disorders, and cognitive
impairment. All the participants in this study presented with good general health status. All
participants demonstrated a normal psychomotor development level based on a clinical
evaluation and the Reynell-Zinkin Scale (Reynell, 1978). Cerebral visual impairment was
excluded based on anamnesis, clinical and instrumental visual function assessment, and
neurological examination. The parents/legal guardians signed the informed consent form,
according to the Declaration of Helsinki, before the beginning of the experiment.

Code Biological | Age (m) | Group Diagnosis

Sex
001 M 10.13 Severely visually impaired | Ocular albinism
002 M 10.7 Severely visually impaired | Inherited congenital retinal dystrophy
003 F 11.53 Severely visually impaired | Eye maldevelopment
004 M 12.7 Severely visually impaired | Ocular albinism
005 M 13.07 Severely visually impaired | Inherited congenital retinal dystrophy
006 F 19.67 Severely visually impaired | Optic nerve hypoplasia
007 F 36.5 Severely visually impaired | Inherited congenital retinal dystrophy
008 M 37.23 Severely visually impaired | Inherited congenital retinal dystrophy
009 F 37.8 Severely visually impaired | Inherited congenital retinal dystrophy
010 M 38.1 Severely visually impaired | Inherited congenital retinal dystrophy
011 F 48.7 Severely visually impaired | Nystagmus
012 M 53.5 Severely visually impaired | Inherited congenital retinal dystrophy
013 M 12.17 Sighted -
014 M 16.2 Sighted -
015 M 21.83 Sighted -
016 F 21.9 Sighted -
017 F 275 Sighted -
018 F 29.37 Sighted -
019 F 32.63 Sighted -
020 F 33 Sighted -
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021 M 35.6 Sighted
022 M 36.83 Sighted
023 M 46.43 Sighted
024 M 51.47 Sighted

Table 3.1. Demographic and clinical details. The table shows identification code, the biological sex, age
expressed in decimal months, the group, and the diagnosis (for SVI participants).

Data acquisition

In this experiment, two different sensory stimuli (tactile and auditory) were presented to
infants during two different hand postures (uncrossed and crossed), with each condition
occurring a maximum of 12 times (6 times in each posture). The stimulation protocol was
repeated when possible to increase the number of trials. During the testing phase, the infant,
seated on a parent's lap, wore an EEG cap while a digital video camera recorded their
movements. The auditory and vibrotactile stimuli were delivered to the infant's palms using
custom-built stimulators (Gori et al., 2019). The vibrotactile stimulus was a continuous pure
tone (112 Hz). The sound was a 926 Hz pure tone pulsed at a frequency of 5 Hz. Each
stimulus lasted for 1000 ms, followed by an 8000 ms interval for the infant to react. Stimulus-
linked signals were sent to a visual stimulator behind the infant to signal stimulus onset and
offset to the behavioral coder via the video recording. This enabled the infants’ behavior to
be observed and coded in a stimulus-locked manner without indicating which hand the
stimulus was presented to. In this way, the behavioral coders were unaware of the location
of the stimulus. Brain electrical activity was recorded continuously using a Hydrocel
Geodesic Sensor Net, consisting of 128 silver—silver chloride electrodes evenly distributed
across the scalp. The vertex served as the reference.

Two experimenters, E1 and E2, conducted the test. E1 interacted with the infant and
manipulated their arms into the correct postures, while E2 triggered the stimuli via a Matlab
program. For each trial, E1 played a game with the infant “bouncing” their hands into the
correct position and saying “1,2,3, bu”. The hands were placed in the allocated posture just
before “bu”, and the “bu” also functioned as a cue for E2 to trigger a stimulus. If a trial was
marked as bad, it was repeated, with an average of 3 trials per participant. Following stimulus
delivery, E1 held the infant's arms in place until they moved or until 8000 ms had elapsed.
In the 8000 ms period following each stimulus, E1 oriented their face to the floor so as not
to distract the infant. The study continued until all trials were completed or until the infant
and parent were unwilling to continue cooperating. Figure 3.1 represents the experimental
design.
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Figure 3.1. Experimental Design. Representation of the temporal sequence of the experimental design.

Preprocessing

Regarding behavioral data, the direction, latency, and type of the infants' first orienting
responses to the stimuli on each trial were coded from the video records by two raters who
were naive to the purpose of the study. During the 8000 ms period following the stimulus on
each trial, lateral eye movements (saccades), lateral head movements, and unilateral
hand/arm movements were all coded as orienting responses. Therefore, the orienting
response was a binary variable in which ‘“1°” coded an orienting response to the stimulated
limb. ‘0>’ coded an orienting response to the unstimulated limb. Where infants made
bilateral, symmetrical arm movements, these were coded as null responses, and the trial was
terminated. The hand/arm movements, coded as orienting responses, included fine
movements (i.e., flexions and extensions of the elbow, wrist, and finger joints) and gross
withdrawal movements (the arm and hand pulled back towards the infant’s trunk).

As per EEG data, the signal was filtered between 0.1 and 30 Hz. Then, a visually
supervised automated approach in which bad channels were removed by artifact rejection
tools was adopted. The bad channels were identified based on the classification of flat
signals, abnormal periodograms, and outlier channels. Next, transient high-amplitude
artifacts were removed using an ASR (Chang et al., 2018), available as a plug-in for
EEGLAB software (Delorme and Makeig, 2004). In this study, a sliding window of 500 ms
and a threshold of 10 std to identify corrupted subspaces was used. Furthermore, channels
were removed if they were less correlated than 0.95 to an estimate based on the other
channels or if their line noise relative to the signal was more than 4 std from the channel
population mean. Time windows were removed when, after applying the previously
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described criteria, the fraction of contaminated channels exceeded the threshold of 0.25.
Other parameters were kept as their default. EEG data were further cleaned using ICA.
Specifically, to select artefactual components based on quantitative criteria, a visually
inspected classification based on the EEGLAB IC_Label toolbox (Pion-Tonachini et al.,
2019) was applied, keeping all parameters as their default and following the criteria reported
in the corresponding validation papers. Data were then referenced to the average. EEG data
were averaged in synchrony with the stimulus presentations to obtain ERPs, considering a
period of 200 ms before the first sound onset as a baseline. Mean ERP amplitude was
computed by averaging the voltage in an early (45-65 ms) and in a late time window (105-
120 ms). The association between ERP response and participant performance was
investigated using linear regression of individual mean ERP amplitude in each time window
against the percentage of trials in which the participant perceived the stimuli. A further
analysis was implemented to investigate how experimental manipulation could precisely
modulate brain activity at each frequency. To this aim, ERSP was calculated using the
newtimef function of EEGLAB. For each participant, the whole time-frequency distribution
was extracted from 4 to 32 Hz using a Morlet Wavelet (cycles starting from 1 at the lowest
frequency and linearly increasing with a 0.5 factor with frequency).

To perform an analysis related to the physical characteristics of the stimuli (and increase
statistical power), the electrode montage was swapped for conditions where stimuli were
provided to the right hand separately for each group, posture, and sensory modality.
Therefore, responses were considered as contralateral or ipsilateral relative to the stimulated
hand. To evaluate tactile activations, the centro-parietal (CP) regions of interest were
considered: contralateral CP (channels E98, E102, E103) and ipsilateral CP (channels E41,
E46, E47). In turn, for auditory activation the temporal-posterior (TP) regions of interest
were considered: contralateral TP (channels E82, E83, E88, E89, E90, E94, E95, E96, E97,
E99, E100, E101, E107, E108) and ipsilateral TP (channels E45, E50, E56, E57, E58, E63,
E64, E65, E68, E69, E70, E73, E74)

Statistical analysis

Statistical analyses were carried out in the R environment (R Core Team, 2021). Results
were deemed significant when p <0.05. Where multiple comparisons were used to follow up
significant interactions, a Bonferroni correction was applied. For two-way interactions, the
correction was applied against all meaningful contrasts. Generalized Linear mixed models
(GLMMs) and Linear Mixed Models (LMMs) were fitted using the Imer function of the Ime4
package (Bates et al., 2015). The predictors were evaluated using Type II1 Wald y2 tests, as
implemented in the Anova function of the car package (Fox and Weisberg, 2018). For
GLMM, all models included random intercepts, allowing for individual differences in
baseline performance, but did not have enough power to estimate participant-specific slopes.
Where not otherwise specified, the contrasts were further investigated with the emmeans
function of the emmeans package (Lenth, 2022) by obtaining their estimated marginal means



3.1 Exp.1: The absence of vision in early life impairs the somatosensory body remapping 58

(EMMs). Effect sizes were estimated using the eff_size function of the emmeans package,
utilizing the sigma and the edf estimated by every single model. Below, | show the specific
statistical analysis performed for the behavioral outcomes, EEG data, and associations
between the two.

For behavioral analysis, the percentages of the infants’ orienting responses directed to the
stimuli were calculated in all groups and conditions. In all the analyses, the stimulated hand
was considered the correct response. Effects and interactions of Posture, Stimulus condition,
Group, and Age (in months) were evaluated by fitting GLMMs. According to Wilkinson’s
notation (Wilkinson and Rogers, 1973), the models fitted were:

Auditory localization  (Auditory only condition):  Stimulus response ~
Group(SVI/S)*Posture(Uncrossed/Crossed)*Age in months + (1|participant);

Tactile  localization ~ (Tactile  only  condition):  Stimulus  response  ~
Group(SVI/S)*Posture(Uncrossed/Crossed)*Age in months + (1|participant).

Different analyses were performed for EEG data considering ERP, ERSP, and
microstates. First, effects and interactions of Posture, Laterality, Group, and Age (in months)
of ERP were evaluated with LMMs for each time window and sensory modality. The
following models were fitted:

Auditory  localization ~ (Auditory only condition): ERP mean ~
Group(SVI/S)*Posture(Uncrossed/Crossed)*Laterality(ipsi/contra) + (1|participant);

Tactile localization (Tactile only condition): ERP mean-~
Group(SVI/S)*Posture(Uncrossed/Crossed)*Laterality(ipsi/contra) + (1|participant).

Second, an analysis based on ERSP was performed to investigate the functional
specificity of different frequencies within brain activity by computing t-tests with false
discovery rate (FDR) correction for multiple comparisons.

Third, a microstate analysis was performed, which can naturally describe inter-subject
and inter-trial variability. Moreover, it has been shown that microstates correlate with MRI
patterns and thus may be interpreted as functional states of the brain (Britz et al., 2010;
Habermann et al., 2018; Michel and Koenig, 2018; Van De Ville et al., 2010). Microstate
analysis could validate the hypothesis-driven defined time windows and possibly reveal
coherent functional states. Therefore, for each group, sensory modality, and posture, a
microstate analysis was performed using the Microstate EEGlab toolbox (Poulsen et al.,
2018). Specifically, a well-established K-means clustering method was applied. The number
of random initializations of the algorithm (restarts) was kept to 10 (default value), and the
best restart based on global explained variance (GEV) was selected. Temporal smoothing
was applied to microstate label sequences to avoid short segments, imposing a minimum 10
ms microstate segment duration. Four measures of fit, namely GEV, cross-validation
criterion, dispersion, and normalized Krzanowski-Lai criterion, were calculated in a range
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between 3 and 8 microstates to decide the amount of microstate clusters. Finally, a qualitative
decision was made based on these measures and the quality of the topographical maps.

The Association between EEG and behavioral data was evaluated with linear regressions,
GLMMs, and MVPA analysis. For each group (SVI and S), sensory modality (tactile and
auditory), posture (crossed and uncrossed), laterality (ipsi and contra), and time window
(early and late), an independent linear regression was performed, considering ERP mean as
independent and accuracy (% of the correct answer) as dependent variables. A series of
GLMMs was also fitted for each time window and sensory modality to generalize the results
of regression analyses. Then, the ERP data were preliminarily Z-transformed to make data
more comparable among participants. The models fitted were:

Auditory localization (Auditory only condition): Accuracy ~
Group(SVI/S)*Posture(Uncrossed/Crossed)*Laterality(ipsi/contra)*ERP mean +
(1|participant);

Tactile localization (Tactile only condition): Accuracy ~
Group(SVI/S)*Posture(Uncrossed/Crossed)*Laterality(ipsi/contra)*ERP mean +
(1|participant).

Finally, a Multivariate Pattern Analysis (MVPA) was also performed. It involves using
machine learning classification techniques to discriminate between patterns of neural
activation associated with stimuli, experimental conditions, participant characteristics, or
responses. By analyzing neural activation patterns, MVPA aims to understand how these
patterns relate to specific stimuli or responses. In this study, MVPA was conducted using
the MVPAIlab Matlab toolbox (Lopez-Garcia et al., 2022). Each group was analyzed
separately. All trials were combined from each group to enhance statistical power. Finally,
for decoding related to infants’ perception, trials based on the participants' behavioral
responses within each group, posture, and sensory modality were classified. The
classification model used for the decoding analysis was a Support Vector Machine (SVM).
Linear classifiers were used for decoding analysis (linear kernel). A k-fold cross-validation
technique was used, setting the number of folds to 5. To evaluate the performance of the
decoding models, mean accuracy was used, a metric that is quick and easy to compute,
defined as the number of correct predictions divided by the total number of evaluated trials.
Feature weights obtained from training the SVM models were considered to measure their
contribution to the model's decision boundary. The Haufe procedure was applied to
transform these feature weights, allowing them to be interpreted as the origins of neural
processes in space, leading to more accurate predictions (46). The contribution of each
electrode to the classification performance was evaluated at each time point and then
averaged within the time windows of interest. A t-test was applied to compare accuracy
between different time windows, and Bonferroni correction was used for multiple
comparisons to draw statistical inferences. To improve our statistical power, for each group
separately, all the participants' trials were merged. Then, decoding related to participants’
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perception for each group, posture, and sensory modality was performed, trying to classify
trials based on the accuracy of the children, i.e., trials with correct vs. incorrect responses.

3.1.2 Results

This study compared neural responses during auditory and tactile localization in both
uncrossed- and crossed-hand postures between sighted (S) and severely visually impaired
(SVI) infants. Results show that vision uniquely shapes tactile, but not auditory, neural
processes related to external space. S and SVI infants display a contralateral somatosensory
response early on, which only in SVI infants closely tied to their behavioral responses.
Conversely, sighted infants exhibit a later ipsilateral somatosensory response consistent with
their behavioral reactions. These results suggest that in early development, SVI children
maintain a reliance on body coordinates. In contrast, sighted children transition towards an
external frame of reference, indicating a two-step somatosensory processing mechanism. In
the following paragraphs, | present the specific results.

Behavioral orienting responses

The behavioral responses were investigated by examining the orienting responses of S and
SVl infants to auditory and tactile stimuli presented on their hands in different hand positions
(uncrossed and crossed). The results confirm previous findings (Gori et al., 2021), showing
differences between S and SVI infants only when tactile stimuli are presented in a crossed-
hand posture. In this condition, sighted infants show less accurate responses than SVI
infants. However, significant differences are not found between the two groups in auditory
localization accuracy for both uncrossed- and crossed-hand postures, nor in tactile
localization accuracy for the uncrossed-hand posture (see Table 3.2 and Figure 3.1).
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% Orienting response in tactile and auditory localization

Sensory
Modality

GLMMs

Group

Posture

Age
Group:Posture
Group:Age
Posture:Age
Group:Posture
:Age

Post hoc
Comparisons
for posture
S-SVI contrast
Comparisons

for group

Uncrossed-
crossed
contrast

Tactile

accuracy ~ Group*Posture*Age in months + (1|participant)

x(df)
15.911(1)
21.331(1)
0.556(1)
18.899(1)
0.402(1)
0.017

0.063

Uncrossed
t(df)
0.115(36)
S

t(df)

6.293(19)

0.909

P

<0.001*

P
<0.001*
<0.001*
0.456
<0.001*
0.526
0.897

0.802

Crossed
t(df)
-5.865(36)
SVI

t(df)

0.167(19)

p

<0.001*

0.869

Auditory

accuracy ~ Group*Posture*Age in months + (1|participant)

x(df)

0.160(1)
0.389(1)
0.056(1)
0.263(1)
0.062(1)
0.489(1)

0.639(1)

Uncrossed

t(df)

t(df)

P
0.689
0.533
0.813
0.608
0.803
0.484

0.424

Crossed

p t(df) p

svi

p t(df) p

Table 3.2. Behavioral results. Results of the percentages of sighted (S) and visually impaired (SVI) infants’
head and manual orienting responses, which were made toward the stimulated hand across stimulus conditions

(tactile/auditory) and posture (uncrossed/crossed) conditions.

Correct orienting response (%)

oJ

Tactile

ok Kk

1
—

B.

o

@ S uncross

Auditory

S cross
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Figure 3.2. Percentages of orienting responses to tactile and auditory stimulation. For each condition,
posture, and group, the bars represent the percentages of head and manual orienting responses (mean and
sem). The stars represent the significant P values P<0.001). (A) only Tactile condition. (B) only Auditory

condition.



3.1 Exp.1: The absence of vision in early life impairs the somatosensory body remapping 62

Auditory localization

No difference is observed in the audio processing between the two groups. Both groups
showed an evident response in the temporal-posterior region contralateral to the stimulated
hand during uncrossed posture and ipsilateral to the stimulated hand during crossed posture
in the early [45-65]ms time window (see Table 3.3 and Figure 3.2). ERSP analysis also
shows no differences between blind and sighted children, with only a main effect on posture.
Figure 3.3 illustrates the results of the microstates analysis.

Auditory localization ERP results in the [45-65]ms time widow

Posture uncrossed Posture crossed
Linear models Erp_mean ~ laterality* group + (1|subject) Erp_mean ~ laterality * group + (1|subject)
of the ERP
mean
7(dh P £ P
laterality | 214.3(1) <0.001* 162.8(1) <0.001*
group | 0.986(1) 0.321 0.024(1) 0.878
laterality:grou 0.782(1) 0.782 0.07(1) 0.791
p
Post hoc
Comparisons Ipsi Contra Ipsi Contra
for laterality
t(df) p t(df) p t(df) p t(df) p
S-SVI contrast
Comparisons | S SvI S SvI
for group
t(df) p t(df) p t(df) p t(df) p
Ipsi-contra -9.519(274) <0.001* -11.12(274) <0.001* 8.618(226) <0.001* 9.411(226) <0.001*
contrast

Table 3.3. ERP results of Auditory only condition. Statistics of the LMM for each time window and posture
which evaluate the effects of laterality and group on ERP amplitude.
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Figure 3.3. ERP results of Auditory only condition. (A) represent results for the [45-65]ms time window. For
each group (row) and posture (column), I report, on the left, the topography distribution and, on the right, the
single-subjects ERP amplitude in the temporo-posterior region ipsilateral and contralateral to the stimulated
hand. The horizontal dashed line points out 0 amplitude. The stars represent the significant P values (*=P<0.5,
**= P<(.01, ***= P<0.001) after the Bonferroni correction. (B) represents the ERP curve during uncrossed
and crossed postures, respectively, in sighted (left, S) and severely visually impaired (right, SVI). The
horizontal and vertical dashed lines point out 0 amplitude and t=0, respectively. The shadowed areas highlight
the considered time windows.
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Figure 3.4. Microstates of auditory localization. For each group (row) and posture (column), the results of
the microstate decomposition analysis are as follows: for each subplot on the top, | report the topographic
map of each microstate. At the bottom, | report the corresponding microstates' Global Field Power (GFP) and
temporal segmentation.
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Considering the association with behavioral responses, the ERP amplitude (described
explicitly for each posture) positively correlates with the accuracy of correct answers (see
Table 3.4). Figure 3.4 specifically shows this correlation and the results of MVPA.

Auditory localization ERP — behavioral results in the [45-65]ms time widow

Linear regression analysis

Ipsi - Accuracy*ERP mean
Contra - Accuracy*ERP mean

GLMMs

laterality

group

ERP mean
laterality:group
laterality:erp_mean
group:erp_mean
laterality:group:erp_mean

Post hoc

Comparisons for laterality

S-SVI contrast

Comparisons for group

Ipsi-Contra contrast

Posture uncrossed

S SvI
R? p R? p
0.858 <0.001* 0.858 <0.001*

accuracy ~ laterality * group * Erp_mean + (1|subject)

x(df) P

1.715(1) 0.19

0.102(1) 0.749

16(1) <0.001*

0.032(1) 0.858

13.07(1) <0.001*

0.134 0.716

0.321 0.571

Ipsi Contra

z p z p
0.456 0.649 -0.493 0.622
S Svi

z p % p
-2.568 0.01* -2.604 0.009*

Posture crossed

S SVI
R? p R? p
0.828 <0.001* 0.971 <0.001*

accuracy ~ laterality * group * Erp_mean + (1|subject)

x(df) P

2.706(1) 0.1

0.296(1) 0.586

7.852(1) 0.005*

0.67(1) 0.413

13.8(1) <0.001*

0.146(1) 0.703

0.155(1) 0.694

Ipsi Contra

z p z p
0.32 0.749 -0.445 0.656
S SVI

z p z p
2.616 0.009* 2.653 0.008*

Table 3.4. Auditory localization ERP-behavioral results. Statistics of the linear regression and GLMM for
each time window and posture evaluate the association between behavioral results and ERP amplitude.
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Figure 3.5. Auditory localization ERP-behavioral results in the [45-65]ms time window. For each Group
(row) and Posture (column), the results of linear regression of orienting accuracy to ERP amplitudes (leftmost)
and MVPA classifying multivariate EEG against the accuracy of the response (middle and rightmost) are
reported. The maps represent the feature weight distribution over the scalp during the selected time window,
with red and white colors respectively, indicating positive and negative associations with orienting
performance. The rightmost subplot represents the decoding performance of the classifier (mean and SD)
within the time windows. Stars indicate a significant t-test between time windows (P<0.05 after Bonferroni
correction).

Finally, Figure 3.5 shows the contralateral and ipsilateral ERSP response to auditory
localization. The localization of the auditory stimuli strongly modulates the high frequencies
in alpha and beta bands in the first sensory processing stages. No significant differences are
found between S and SVI infants. Only a main effect of posture is evident early in time,
underlying the specificity of the first milliseconds in activating the contralateral area to the
stimulation.
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Figure 3.6. ERSP elicited by stimuli during the auditory localization task. For each group (row) and posture
(column), the results of the ERSP analysis are in the temporo-posterior area. Each subplot reports ERSP (dB)
as a function of time (ms, x-axis) and frequencies (Hz, y-axis). Vertical dotted lines represent t=0 (stimulus
onset), while horizontal dashed lines represent frequency bands of interest. Figure (A) shows the contralateral
response. Figure (B) shows the ipsilateral response. The last row and column represent the significant results
after the false discovery rate (FDR) correction for multiple comparisons.
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Tactile localization

No difference is observed between the S and SVI infants in the uncrossed-hand posture. Both
groups exhibit a distinct centro-parietal positivity response contralateral to the stimulated
hand during two-time windows, specifically [45-65]ms and [105-120]ms, associated with
early somatosensory processing. However, during the crossed-hand posture, the specificity
of these two time windows becomes apparent, along with the difference between S and SVI
infants. While the early time window remains similar to the uncrossed posture in both
groups, an evident ipsilateral centro-parietal positivity emerges in the [105-120]ms time
window, but only in sighted infants, surpassing the contralateral response (see Table 3.5 and
Figure 3.5). Figure 3.7 illustrates the findings of microstates analysis.

Tactile localization ERP results

Time window [45-65]ms
Posture uncrossed Posture crossed
Linear models of the ERP mean Erp_mean ~ laterality * group + (1|subject) Erp_mean ~ laterality * group + (1|subject)
(dn P 2 P
laterality 206.4(1) <0.001* 297.6(1) <0.001*
group | 0.017(1) 0.898 4.991(1) 0.025%
laterality:group 2.019(1) 0.155 11.82(1) <0.001*
Post hoc
Comparisons for laterality Ipsi Contra Ipsi Contra
t(df) p t(df) p t(df) p t(df) p
S-SVI contrast 3.868(46) <0.001* -0.353(46) 0.726
Comparisons for group S svi S Y
t(df) p t(df) p t(df) p t(df) p
Ipsi-contra contrast -10.86(223) <0.001* -9.517(223) <0.001* -9.214(246) <0.001* -14.98(246) <0.001*
Time window [105-120]ms
Posture uncrossed Posture crossed
Linear models of the ERP mean Erp_mean ~ laterality * group + (1|subject) Erp_mean ~ laterality * group + (1|subject)
(N P () P
laterality | 110.3(1) <0.001* 2.623(1) 0.105
group | 0.417(1) 0.518 74.11(1) <0.001*
laterality:group | 4.015(1) 0.045* 39.43(1) <0.001*
Post hoc
Comparisons for laterality Ipsi Contra Ipsi Contra
t(df) p t(df) p t(df) p t(df) p
S-SVI contrast 1.863(64) 0.067 -0.955(64) 0.343 10.48(65) <0.001* 1.64(65) 0.106
Comparisons for group S sviI S SVI
t(df) p t(df) p t(df) p t(df) p
Ipsi-contra contrast -5.714(223) <0.001* -9.034(223) <0.001* 3.501(247) <0.001* -5.458(255) <0.001*

Table 3.5. ERP results of Tactile only condition. Statistics of the LMM for each time window and posture
evaluate the effects of laterality and group on ERP amplitude.
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Figure 3.7. ERP results of Tactile only condition. (A) and (B) represent results for the [45-65]ms and [105-
120]ms time windows, respectively. For each group (row) and posture (column), | report, on the left, the
topography distribution and, on the right, the single-subjects ERP amplitude in the centro-parietal region
ipsilateral and contralateral to the stimulated hand. The stars represent significant P values (*=P<0.5, **=
P<0.01, ***= P<0.001) after the Bonferroni correction. (C) represents the ERP curve during uncrossed and
crossed postures in sighted (S) and severely visually impaired (SVI). The horizontal and vertical dashed lines
point out 0 amplitude and t=0. The shadowed areas highlight the considered time windows.
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Figure 3.8. Microstates of tactile localization. For each group (row) and posture (column), the results of the
microstate decomposition analysis are as follows: for each subplot on the top, | report the topographic map of

each microstate. At the bottom, | report the corresponding microstates' Global Field Power (GFP) and
temporal segmentation.
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Considering the correlation with behavioral responses, during the uncrossed-hand posture, a
positive relationship between the average ERP of the contralateral centro-parietal response
and accuracy in the early time window is found for both S infants, R?=0.71, p<0.001, and
SVI infants, R?=0.92, p<0.001. However, while both groups display centro-parietal
positivity contralateral to the stimulated hand during the crossed-hand posture, a significant
correlation between ERP mean, and accuracy is only observed in SVI children, with
R?=0.93, p<0.001. Conversely, S infants exhibit a distinct dual association in the [105-
120]ms time window: ipsilateral centro-parietal positivity correlates negatively with
behavioral outcomes, with R?=0.72, p<0.001, whereas contralateral response continues to
positively correlate with behavioral outcomes, with R?=0.90, p<0.001. These results are
summarized in Table 3.6 for the early time window and Table 3.7 for the late time window.

Figure 3.8 specifically depicts this correlation and the outcomes of MVPA.

Tactile localization and remapping ERP — behavioral results

Time window

Linear regression analysis

Ipsi - Accuracy*ERP mean

Contra - Accuracy*ERP mean

Generalized linear mixed models

R?

0.712

<0.001*

Posture uncrossed

Ssvi
R? p

0.918 <0.001*

accuracy ~ *laterality * group * erp_mean + (1|subject)

[45-65]ms

R?

Posture crossed

SVI
R? p

0.929 <0.001*

accuracy ~ laterality * group * erp_mean + (1|subject)

(dn P Pach) P
laterality 5.004(1) 0.025* 0.405(1) 0.525
group | 0.349(1) 0.554 9.455(1) 0.002*
erp_mean 0.172(1) 0.679 7.897(1) 0.005*
Iaterality*group 0.419(1) 0.517 0.491(1) 0.483
laterality*erp_mean | 18.02(1) <0.001% 0.180(1) 0.671
group*erp_mean | 0.481(1) 0.488 1.096(1) 0.295
laterality:group*erp_mean | 0.143(1) 0.705 139(1) <0.001*
Post hoc GLMM
Comparisons for laterality Ipsi Contra Ipsi Contra
z z p z p z p
S-SVI contrast 0.693 0.489 -3.809 <0.001*
Comparisons for group S sviI S 5Y
z z p z p z p

Ipsi-contra contrast

1.388

0.181

-3.517

<0.001*

Table 3.6. Tactile localization ERP-behavioral result in [45-65]ms time windows. Statistics of the linear
regression and GLMM for each time window and posture evaluate the association between behavioral results
and ERP amplitude.
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Tactile localization and remapping ERP — behavioral results
Time window [105-120]ms
Posture uncrossed Posture crossed
Linear regression analysis
S Y S Y
R p R? p R? p R? p
Ipsi - Accuracy*ERP mean 0.717 <0.001* - -
Contra - Accuracy*ERP mean E - 0.899 <0.001* - -
Generalized linear mixed models | accuracy ~ laterality * group * erp_mean + (1|subject) accuracy ~ laterality * group * erp_mean + (1subject)
x(df) P 2(df) P
laterality | 0.001(1) 0.999 0.001(1) 0.971
group | 0.362(1) 0.547 1.857(1) 0.173
erp_mean | 2.572(1) 0.109 0.218(1) 0.641
laterality*group | 0.003(1) 0.955 0.028(1) 0.868
laterality*erp_mean | 0.69(1) 0.406 3.383(1) 0.066
group*erp_mean | 2.112(1) 0.146 0.202(1) 0.653
laterality:group*erp_mean | 0.003(1) 0959 14.53(1) <0.001*
Post hoc GLMM
Comparisons for laterality Ipsi Contra Ipsi Contra
z p z p Z p z P
S-SVI contrast -3.143 0.002* 2.829 0.005*
Comparisons for group S Svi S Svi
z p z p z p z P
Ipsi-contra contrast = - -4.066 <0.001* -1.279 0.2

Table 3.7. Tactile localization ERP-behavioral result in [105-120]ms time windows. Statistics of the linear
regression and GLMM for each time window and posture evaluate the association between behavioral results

and ERP amplitude.
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Figure 3.9. Tactile localization ERP-behavioral results. For each Group (row) and Posture (column), the
results of linear regression of orienting accuracy to ERP amplitudes (leftmost) and MVPA classifying
multivariate EEG against the accuracy of the response (middle and rightmost) are reported. The maps
represent the feature weight distribution over the scalp during the selected time window, with red and white
colors indicating positive and negative associations with orienting performance. The rightmost subplot
represents the decoding performance of the classifier (mean and SD) within the time windows. Stars indicate
a significant t-test between time windows (P<0.05 after Bonferroni correction).
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Finally, Figure 3.9 shows the contralateral and ipsilateral ERSP response to tactile
localization. The somatosensory stimuli seem to strongly modulate the high frequencies in
alpha and beta bands contralateral to the stimulation in the first sensory processing stages.
Assignificant difference is found between S and SV I infants only in the crossed-hand posture,
which mainly involves alpha and low-beta activity. In agreement with previous results, an
ipsilateral response is evident only in the crossed-hand posture in sighted infants, with a
similar modulation of high frequencies, also shown in the contralateral response.
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Figure 3.10. ERSP elicited by stimulus during tactile localization. For each group (row) and posture
(column), the results of the ERSP analysis were in the centro-parietal area. Each subplot reports ERSP (dB)
as a function of time (ms, x-axis) and frequencies (Hz, y-axis). Vertical dotted lines represent t=0 (stimulus
onset), while horizontal dashed lines represent frequency bands of interest. Figure (A) shows the contralateral
response. Figure (B) shows the ipsilateral response. The last row and column represent the significant results
after the false discovery rate (FDR) correction for multiple comparisons.

3.1.3 Discussion of results

This study underscores how vision shapes the development of tactile brain processes during
early childhood while auditory processes remain unaffected. In both uncrossed and crossed-
hand postures, an early tactile ERP response is observed on the central area contralateral to
the stimulated hand. However, only SV infants show a correlation between this contralateral
response and their behavioral orienting responses in the crossed-hand posture. Conversely,
the later tactile response, occurring both ipsilaterally and contralaterally to the stimulated
hand during the crossed-hand posture, was evident only in S infants and correlated with their
behavioral response. These findings highlight a specific temporal hierarchy in
somatosensory processing influenced by vision during early life stages.

Cortical processing of tactile perception begins in the primary somatosensory cortex (SI).
It later extends to higher-order cortical areas, including the secondary somatosensory
cortices (S1l), the posterior parietal cortex, and the frontal cortices (Allison etal., 1992, 1989;
Hamaldinen et al., 1990). These higher-order cortical areas continuously provide feedback
to SI and other upstream components of the network to refine tactile information (Uppal et
al., 2023). The involvement of SlI reflects a remapping step in somatosensory processing,
potentially influenced by feedback from the posterior parietal cortex (Buchholz et al., 2011,
Macaluso et al., 2000; Schubert et al., 2008).

During uncrossed-hand posture, both S and SV infants exhibit expected neural responses
at the two critical early time windows, [45-65]ms and [105-120]ms, suggesting similar early
tactile perception, as well as in the auditory domain. In terms of spectral activity, alpha and
beta frequency bands are modulated. Behavioral responses are associated with the early time
window, supporting its role in sensory processing (Brandwein et al., 2013; Russo et al.,
2010). In this condition, the second time window merely reaffirms the localization of stimuli.
In crossed-hand posture, a distinct temporal hierarchy emerges in tactile processing,
shedding light on the influence of visual experience on touch-remapping abilities. Both
groups initially show contralateral positivity, but S infants also exhibit ipsilateral activation
early on, suggesting an early influence of spatial reference frames. Later, S infants
demonstrate somatosensory remapping in the centro-parietal region, correlating with
behavioral outcomes, while SVI infants do not, which is consistent with behavioral
differences. The remapping process mainly modulates alpha and low-beta activity, helping
to elucidate neural mechanisms of remapping even further. Specifically, alpha/beta
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oscillations might provide a gating role, inhibiting parts of the brain that are irrelevant to
processing and channeling processing elsewhere (Jensen and Mazaheri, 2010). | can
speculate that sighted infants process somatosensory input first anatomically but then remap
touch to external space, inhibiting contralateral processing with a contralateral alpha burst
to allow high-frequencies band processing of somatosensory stimulus properties in
ipsilateral SI/SII. Furthermore, this step seems to be supported by reduced activity in the
posterior parietal cortex, whose feedback allows effective somatosensory remapping (Soto-
Faraco and Azafion, 2013).

Overall, visually impaired infants process tactile events differently, relying on a body-
centered spatial reference system. In contrast, sighted infants integrate tactile information
into an external reference frame, indicating a two-step processing mechanism already
apparent in brain responses. The results of this study provide important points of discussion
about the brain mechanisms and the role of early visual experience during the processing of
sensory and spatial information, which will be thoroughly examined in the overarching
discussion outlined in Chapter 5. In the following study, | show preliminary results on the
effect of sleep on sensory processing.

3.2 Exp.2: Sleep influence on sensory localization in
visually impaired and sighed infants

The difficulties blind children face in shifting towards external coordinates, as discussed in
the previous experiment, seem to stem from tactile information having more weight,
typically linked to the body, than acoustic information, already oriented to the external
environment (Gori et al., 2021). This starkly contrasts the behavior of sighted children, who
tend to place higher importance on external auditory signals. This disparity in sensory
perception suggests that blind children interpret sensory experiences differently, with
profound implications for how these experiences are consolidated during sleep. Indeed,
during sleep, the brain processes information acquired during wakefulness, encompassing
the consolidation of multisensory experiences into long-term memories (Latchoumane et al.,
2017; Tomé et al., 2022). Specifically, NREM sleep seems to have a central role in the
synaptic plasticity mechanisms associated with memory formation, frequently linked with
the occurrence of sleep spindles and slow waves (Miyamoto, 2023; Rothschild, 2019).
Therefore, | hypothesize that tactile information is more extensively consolidated during
sleep in blind children, whereas auditory information takes precedence in the case of sighted
children. Additionally, | propose that this effect might be more pronounced in sighted
children due to their higher spindle activity compared to blind children. This consolidation
effect could be measured by comparing the modulation of alpha activity in response to
sensory stimuli between the post-sleep and pre-sleep stimulation phases. This modulation
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typically manifests as a decrease compared to the baseline alpha activity (Fujioka et al.,
2011; Shen et al., 2021). Measuring spectral activity instead of evoked potentials can offer
further insights. Firstly, it can help determine if there's any correlation between the activity
of sleep spindles and alpha activity. Secondly, it can help assess whether the lack of
difference in alpha activity during the early years of life persists even when exposed to
sensory stimuli.

Based on these hypotheses, | conducted a preliminary study involving 7 sighted and 7
visually impaired infants (0-3 years). | measured the modulation of pre- and post-sleep alpha
activity in response to both an audio stimulus and a tactile stimulus presented to their hands
- using the same caterpillar device (Gori et al.; 2019) and the positioning technique adopted
in the experiment previously described in Section 3.1.

3.2.1 Methods

Participants

The simultaneous recordings of video and EEG (video-EEG) of 14 infants (7 S and 7 V1),
aged between 5 to 35 months (mean age S= 1.23, mean age VI=1.16) were collected during
audio and tactile stimulations before and after a 50-minute nap possibility. None of the
children had a history of prenatal infections, distress during delivery, genetic syndromes, or
metabolic disorders. All the participants in this study presented with good general health
status. All VI infants were exclusively affected by congenital disorders of the peripheral
visual system (i.e., involving pre-chiasmatic structures). Cerebral visual impairment was
excluded based on anamnesis, clinical and instrumental visual function assessment, and
neurological examination. According to the statistical t-test, with a.= 0.05 and power = 0.80,
10 participants are needed to achieve a significant result if a large effect size (d = 1.37) is
expected, as shown in a previous study (Campus et al., 2021).

Data acquisition and preprocessing

The experimental procedure, summarized in Figure 3.10, was as follows: The infants,
accompanied by their parents/legal guardians, arrived at the EEG Lab of the Mondino
Hospital between 13:00 and 13:30. After a thorough explanation of the protocol, the
parents/legal guardians signed the informed consent form, according to the Declaration of
Helsinki. Subsequently, the EEG montage was applied. The EEG recording started with a
period of baseline brain activity at rest, lasting for at least one minute. Then, the stimulation
protocol was initiated. This protocol involved presenting two sensory stimuli, tactile and
auditory, to the infant's hands (adopting the same device and positioning explained in the
previous experiment), each lasting for 30 seconds, resulting in a total stimulation time of two
minutes. The auditory and vibrotactile stimuli were delivered separately to the infant's palms
using custom-built stimulators (Gori et al., 2019). Stimulus-linked signals were sent to a
visual stimulator behind the infant to signal stimulus onset and offset via the video recording.
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The onset and offset signals were marked on the EEG trace during the offline preprocessing.
During the next retention period, the participant lay down for a 50-minute sleep opportunity
in a bed placed in a darkened and silent room. At the awakening, after 1 minute of well-
represented awake EEG activity, the stimulation protocol was provided for the retest.

Brain electrical activity continuously recorded a 512 Hz sampling frequency using a
Nicolet VEEG 5.94 system with 21 electrodes. The physical reference was placed in an
intermediate position between Fpz and Fz. The light was switched off for the entire
registration period, and an infra-red double camera recorded both the infant and the visual
stimulator. In a later scoring phase, based on the EEG and video recording, the periods in
which subjects were moving or falling asleep were excluded from the analysis, and the signal
onset and offset were marked on the EEG trace.

Then, the EEG recordings were filtered between 0.1 and 100 Hz. Transient high-
amplitude artifacts were removed using ASR. Data were then referenced to the average. For
increasing statistical power, separately for each group and sensory modality, the electrode
montage was swapped for conditions with stimuli presented on the right hand, allowing for
the identification of contralateral or ipsilateral responses relative to the stimulated hand.
With the cleaned swapped data of each subject, the power spectral density (PSD) expressed
in uV2/Hz was computed for each stimulation condition and baseline both during pre and
post-phases, applying the spectopo function of EEGLAB, which returns a PSD estimate via
Welch's method using sliding time windows with a duration of 2 seconds and an overlap of
one second.

Finally, continuous spectral activity from 0.5 to 13Hz was considered. The spectral
activity was normalized by computing the relative spectral power, which measures the ratio
of the absolute spectral power to the total power in the signal, to make the spectral activity
comparable among participants. Then, the alpha peak for each participant was calculated. A
three-stage approach was adopted to estimate background activity's peak frequency. First,
the peak in the raw spectrum was searched for. Second, the peak in the spectrum after it was
detrended using an exponential decay function was searched for. Toward this purpose, the
logarithm of the power spectral density (PSD) at different frequencies was considered and
fitted a linear regression model: log(PSD) = A + BeFrequency. In this way, the PSD using
coefficients A and B estimated by the regression was computed, PSDest = exp(A)
*exp(BeFrequency), and the peak in the detrended PSD PSDdetrend = PSD-PSDest was
searched for. Both in the raw and detrended spectrum, the findpeaks function of the pracma
package (Borchers, 2019) for R was used to automatically identify peaks in the background.
Third, automatic peak estimates from stages one and two were compared, and where they
differed (most times they matched), the most reliable peak position was selected by visual
inspection. Analyses were performed considering both alpha peak frequency and peak
amplitude.
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Figure 3.11. Experimental Design. Representation of the temporal sequence of the experimental design.

Statistical analysis

The electrode montage of the conditions with stimuli provided on the right hand was
swapped separately for each group, posture and sensory modality to perform an analysis
related to the physical characteristics of the stimuli, as well as to increase statistical power.
Therefore, the response contralateral or ipsilateral to the stimulated hand was considered.
Statistical analyses were then performed separately for each ROI: central right, i.e.,
contralateral (C4); central left, i.e., ipsilateral (C3); temporal right, i.e., contralateral (T4,
T6); and temporal left, i.e., ipsilateral (T3, T5). Linear Mixed Models (LMMs) were fitted
using the Imer function of the Ime4 package (Bates et al., 2015). The predictors were
evaluated using Type III Wald y2 tests, as implemented in the Anova function of the car
package (Fox and Weisberg, 2018). According to Wilkinson’s notation (Wilkinson and
Rogers, 1973), the model fitted for each Roi and condition (audio/tactile) are:

Alpha peak frequency (during stimulation) ~ group(VI1/S)* session (pre/post)* Alpha peak
frequency (baseline) + (1|participant)

Alpha peak amplitude (during stimulation) ~ group(V1/S)* session (pre/post)* Alpha peak
amplitude (baseline) + (1|participant)

The planned contrasts were further investigated, fitting the Im function for each condition
and group separately.
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3.2.2 Results

Preliminary results show that unisensory audio and tactile conditions involved the temporal-
posterior and central areas, respectively, contralateral to the stimulated hand (see Figure
3.11). As per alpha peak frequency, a significant interaction between group, session, and
alpha peak baseline is found for both audio (%2(1) =5.75, p=0.02) and tactile (¥2(1) =4.37,
p=0.04) conditions. Specifically, post-hoc analysis shows that differences between groups
involve only the Post session for both audio (F(1) =10.24, p=0.02) and tactile (F(1) =9.05,
p=0.02) conditions. When considering group differences, a specific modulation seems to
emerge in the groups for different sensory stimuli: for the VI group, a significant frequency
modulation seems to characterize tactile condition (F(1) =16.14, p=0.007); in turn, for the S
group, a trend for frequency modulation occurs for audio condition (F(1) =4.31, p=0.07).

Furthermore, for alpha peak amplitude, a significant interaction emerges in the tactile
condition (32(1) =7.91, p=0.005) and a trend in the audio condition ¥2(1) =3.86, p=0.05).
Post-hoc comparisons for tactile condition show results similar to those from peak frequency
analysis with differences between groups only in the Post session (F(1) =18.12, p=0.005)
and specifically driven by the VI group (F(1) =14.27, p=0.009).
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Figure 3.12. Audio and tactile spectral curve. Each plot shows the spectral curve, calculated as the relative
PSDs (%) vs the frequencies (Hz), for Pre and Post sessions. Rows represent groups, and columns represent
conditions. For each condition, the plot refers to the specific relative ROI contralateral to the stimulated hand,
respectively temporal right (T4, T6) for audio and central right (C4) for tactile sensory stimulations.

3.2.3 Discussion of results

Although preliminary, these results seem to support the hypothesis, indicating that sleep
promotes the strengthening of tactile responses over auditory ones in visually impaired
infants. In contrast, the reverse is observed in sighted participants. These differences likely
stem from the varying importance of auditory and tactile stimuli in blind versus sighted
children. Consolidated during sleep, the heightened emphasis on tactile information may
underlie structural and functional reorganizations within the neural structures following
congenital visual deprivation (Blumberg et al., 2022; Lin et al., 2022). Indeed, visual
deprivation induces plastic changes in the thalamocortical network, which plays a crucial
role in information consolidation during sleep. Further insights on the role of the
thalamocortical network in developing brain rhythm and sensory neurodevelopment will be
largely discussed in Chapter 5. Future analyses will aim to elucidate the relationship between
these observed effects and the microstructure of sleep. Additionally, 1 will explore the
correlation between sleep features (e.g., spindles) and alpha activity to better understand the
underlying mechanisms at play.



Chapter 4
Multisensory Technology for infants

Using the senses beyond sight in various interventions and assessments has shown
significant benefits for populations lacking sight, as well as for the general population.
However, multisensory interventions that combine visual, acoustic, tactile, proprioceptive,
and motor cues are not commonly utilized. This limitation often stems from the lack of
available technologies; many are still in the prototype phase and not yet on the market (Ben
Porquis et al., 2017; Bertonati et al., 2020; Morelli et al., 2023; Ringland et al., 2014; Setti
et al., 2022). Moreover, these technologies are rarely suitable for children. These challenges
often extend to technologies used to assess spatial and multisensory abilities in children and
individuals with visual impairments (Bertonati et al., 2023; Gori et al., 2019; Schiatti et al.,
2020). The assessment tools should overcome more hurdles, reflecting the broader
complexities of developing solutions for individuals with visual impairments. In addition,
these tools are rarely validated for use during electroencephalographic recordings. The
importance of validating devices during neuroimaging recordings opens up some reflections
regarding the reliability and reproducibility of the results. This underscores the need to
develop new technologies in this field, maximizing the potential of engagement and
inclusivity offered by multisensoriality. In the next section, | present a new technological
solution for investigating multisensory skills in infants during EEG recordings (section 4.1).
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4.1 Dr-MUSIC: DRagons for MUItisensory Stimulation
in Infants and Children

As extensively reported in Chapter 1, the early years of life are crucial for developing neural
processing underpinning multisensory integration (MSI). During this time, our brains are
inundated with sensory input from the external environment, which our peripheral cells
capture and transmit to the brain for processing. However, at birth, our brains are not fully
equipped to integrate signals from different senses, requiring learning and development to
manage redundant information and perceive a coherent word. In some clinical conditions,
the lack of one sense impacts how the external environment is perceived, such as blindness
and deafness. Congenital disorders can compromise the ability to integrate multisensory
information and perceive space, as in visual system disorders (Rdder, 2012), and time, as in
hearing system impairments (Scurry et al., 2020).

In this context, | introduce Dr-MUSIC, a novel technological solution designed to assess
the early stages of MSI mechanisms during EEG recordings. To date, no technological
devices provide specific multimodal stimulation with EEG-compatible timing and an
attractive design for children. Dr-MUSIC comprises a couple of chubby dragons that can
simultaneously provide uni-, bi-, or tri-modal information. To the best of our knowledge,
only few solutions can provide up to tri-modal stimulations in a unique device (Gori et al.,
2019; Schiatti et al., 2020), but without the possibility to customize the features of the
stimulation. In this device, the color and the intensity of the light, the sequence and the
intensity of vibration, and the type of sound can be modified, catering to various practical
needs, as well as the duration of the stimulation. The amusing design enhances usability in
young participants, and the possibility of changing the stimulation’s characteristics makes it
attractive even in infants with sensory impairments.

Therefore, Dr-MUSIC provides an effective, innovative system for investigating cross-
modal and multisensory development in infants and children in a more natural and engaging
environment during EEG recordings. It enables simulations of scenarios where information
from one sense may be irrelevant or even conflict with another. Indeed, detecting and
filtering out these oddball stimulations in these situations is crucial in developing efficient
functioning.

I conduct a high-density EEG compatibility testing during an audio-tactile oddball task
with sighted adults to validate its effectiveness. Then, | replicate the same task in a couple
of toddlers, confirming its usability in young children.
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4.1.2 Methods

Implementation of the device
Here, | briefly present the system’s design from a mechanical and electronic point of view.

Mechanical Design

The device's mechanical design was developed using the PTC Creo Parametric 8.0 CAD
platform, blending traditional parametric feature-based methods with free-form modeling
for the external surfaces. Opting for a chubby dragon shape with a friendly appearance was
a deliberate choice to make the device appealing to young participants while concealing the
electronics in a compact form factor. The final design, depicted in Figure 4.1, incorporates
all electronics onto a central support part, with the outer cover attached to it via two screws
at the base. This design feature enables easy separation of the outer covers from the internal
electronics, simplifying modifications to the external shape if needed based on user testing
feedback. The dragons' tails also serve as guided wire exits for the electronics wiring. The
covers were produced using additive manufacturing (AM, also known as 3d printing),
specifically with a 3D Systems PRO SLS 6100 selective laser sintering (SLS) machine, using
white Polyamide 12 (PA12 - Nylon) as the material. Leveraging AM in device development
offers significant cost and time savings, facilitating design iterations and enhancing overall
efficiency.

Figure 4.1. CAD view of the device. The figure shows an exploded view of the device and its
components: the outer shell (1), the LED (2), the electronic boards stack (3), the USB cable (4), the
support structure (5), the loudspeaker (6) and the wire exit (7).
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Electronic and Firmware Design

Figure 4.2 presents the electronic block scheme of Dr-MUSIC, along with a high-level
overview of the software functionality. The system was designed using commercially
available Adafruit/Arduino development boards to facilitate implementation and enable
rapid prototyping toward a fully engineered solution. It serves as a programmable
multisensory output generator capable of producing audio, visual, and vibrotactile outputs.
The main unit, Adafruit Feather M0, manages communication with a personal computer
(PC) via a Virtual COM port emulated using a USB physical layer. This way, the user can
implement high-level software using any development environment that can read and write
a Universal Asynchronous Receive and Transmit (UART) interface, such as Matlab (as
shown in the figure) or, alternatively, Python. Besides handling communication, the main
unit interacts with peripherals to deliver multisensory outputs with accurate timing.
Programmable audio outputs are facilitated by an Adafruit Music Maker module, which
interfaces with the Feather MO via a Synchronous Peripheral Interface (SPI). The module
drives a miniature speaker with 8Q impedance, capable of delivering 1W power. It supports
microSD for storing audio data in PCM Wave or compressed MP3 formats. Vibrotactile
feedback is achieved using an Inter-Integrated Circuit (12C) vibrotactile driver DRV2605,
offering various default vibrotactile profiles or asynchronous duty cycling vibration based
on commands from the main unit. This setup utilized a 12kRPM DC Vibromotor compatible
with the standard 3.3V regulated voltage in the main unit. Additionally, an RGB LED
directly interfaced with the Feather MO microcontroller was included to provide visual
stimulation.

Dr-MUSIC requires the capability to swiftly deliver multisensory feedback, with a focus
on audio signals. Given the availability of three stimulus types (audio, visual, and
vibrotactile), the software ideally enables all hybrid combinations, allowing a single
command from the PC to trigger diverse output types (e.g., audio/tactile, tactile/visual,
visual/audio). To achieve this, specific commands for triggering multiple events without
transmitting multiple serial commands have been devised, ensuring event jitter remains
below 1ms. The internal microcontroller can execute multiple tasks faster than subsequent
transmissions on the USB bus. To maintain simplicity in parsing incoming messages from
the PC, a 16-bit integer-based transmission has been opted for. This approach offers a
flexible and fast solution compared to more complex signaling schemes, facilitating real-
time operation through fast decoding (shift and comparisons). Multisensory commands
utilize the low byte (C7—CO0), while the higher byte's most significant bits are reserved for
implementing 64 color values with the RGB LED. Bits marked with X are unused in this
context but could be leveraged to expand the device's functionalities in the future.

The trigger functionality in Dr-MUSIC is organized based on the incoming command
value i. Commands in the 200—299 integer range are designated for audio stimulation. Within
this range, there are 5 possible cases: 200 stops all sounds, while 201-205 play specific
Wave files stored in the SD memory of the Music Maker. Integer values below 127 and
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within the 300-399 range are dedicated to tactile stimulation. For i <127, continuous tactile
stimulation is emitted, with intensity proportional to i. When i equals 300, tactile stimulation
ceases, while values 301-304 trigger specific tactile sequences. The range 500-599 is
reserved for visual sequences, with the high-byte part triggering one of 64 possible colors.
Additionally, ranges 500-599 and 600-699 are implemented to enable simultaneous
audio/tactile and audio/visual multimodal stimulation. Notably, including a fallback
command to halt stimulation (e.g., 200 or 300) is advisable to preempt potential issues in
high-level software control, especially during initial development stages, thus obviating the
need for power cycling to reset the device's state. Firmware development was carried out
using the Arduino Integrated Design Environment (IDE) in C++, employing a bare metal
approach to ensure maximum responsiveness following the command’s reception. Upon
peripheral initialization at power-on reset, the main loop waits for a new integer input to be
decoded. If this occurs, it implements a selection on its value to call back the specific
methods to access the peripheral buses and set the desired stimulation sequence.
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Figure 4.2. Block scheme device. Block scheme of Dr-MUSIC with details on the components used and the
scheme of the internal firmware implementation. The device can perform accurate multisensory stimulation
thanks to integer-based dedicated commands.

Experimental Protocol

Two experiments were conducted to assess the performance of our device using an audio-
tactile oddball paradigm. In the first experiment, 8 adults (average age 30.74 years £ 5.44, 4
females) were recruited. Subsequently, the device's functionality was evaluated in a second
experiment on two twin toddlers (age 35 months, with 1 female). All participants were
recruited from local contacts in Genoa. The study received approval from the local ethics
committee (ASL3 Genovese), and all participants or their guardians provided written
informed consent in accordance with the principles of the Declaration of Helsinki.
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Data acquisition and preprocessing

EEG data were collected using the EGI (Electrical Geodesics, Inc.) system with 129
electrodes, referencing the Cz electrode, and sampled at 1000 Hz. Before placement,
participants' head sizes were measured to ensure proper positioning of the EGI net. The net
was placed on their heads using sponges soaked in a salt-water solution. Participants were
seated comfortably with the Dr-MUSIC device positioned in front of them, holding a small
dragon for tactile stimulation in their right hand (see Figure 4.3A). As a common practice
adopted in similar EEG experiments (Kadlaskar et al., 2021), to keep the participants more
relaxed/compliant and to reduce movements, during the experiment, they watched a silent
movie (Shaun the Sheep) while passively engaging in an audio-tactile oddball task. This task
included 70% standard audio stimuli (750 Hz beep sound, command 201), 10% oddball
audio stimuli (blazer sound, command 202), 10% oddball tactile stimuli (middle-intensity
vibration, command 100), and 10% oddball audio-tactile stimuli (a combination of audio and
tactile oddball stimuli, command 503). All stimuli lasted for 250 ms (see Figure 4.3B). A
total of 600 trials were presented randomly, with at least one standard stimulus preceding
every oddball stimulus. Throughout the experiment, participants were instructed to remain
still and focus on the movie while ignoring stimuli from the Dr-MUSIC device. An
experimenter, trained to monitor participant responses, was seated behind them.

The EEG signal was processed using custom scripts that integrated the EEGLAB
(Delorme and Makeig, 2004) and Fieldtrip (Oostenveld et al., 2011) toolboxes. The
continuous EEG signals were initially filtered between 1 and 45 Hz (zero-phase Butterworth
filter, fourth order), followed by down sampling to 500 Hz. Artifact subspace reconstruction
(ASR) was then applied to remove high-amplitude artifacts (Mullen et al., 2013). The data
were segmented into epochs spanning from -1000 ms to 1000 ms after stimulus onset.
Independent component analysis (ICA) was subsequently employed to further clean the EEG
data, with artefactual components identified and removed based on manual inspection of
topography, latency, amplitude, and trial distribution. Any previously removed noisy
channels were interpolated, and the data were referenced to the average of the left and right
mastoids (E57 and E100 electrodes). Finally, event-related potentials (ERPs) were derived
by reducing epochs to a range of -200 ms before and 500 ms after stimulus onset, with a
baseline correction of 200 ms before the stimulus onset applied.
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Figure 4.3. Experimental procedure of the audio-tactile oddball task. (A) The figure shows an adult
participant during EEG recording. (B) A representation of paradigm sequence.

Statistical analysis

Two analyses were conducted to assess the efficacy of the Dr-MUSIC device in exploring
multisensory and attentional mechanisms. Firstly, attentional mechanisms were examined
within each group's grand averages by contrasting standard and oddball sounds. Secondly,
the multisensory effect on attentional processes in our oddball stimuli was investigated using
the additive criterion model (Mercier et al., 2013; Senkowski et al., 2007; Stein, 1998). This
model defines the MSI effect as the non-linear summation of responses to multisensory
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stimuli (AT), which differs from the sum of responses to unisensory stimuli (A+T); these
effects can be supra- or sub-additive. Two-tailed cluster-based permutation t-tests were
utilized to examine these processes across all channels (Maris and Oostenveld, 2007) and
within the time window of 0 to 500 ms post-stimulus onset, employing 1000 random
permutations. This non-parametric method enables multiple comparison testing across
various channels and time points without assuming specific time windows or scalp locations
where differences may arise. Additionally, this approach has been validated to maintain a
correct type 1 family-wise error rate (FWER), even with small sample sizes (Pernet et al.,
2015).

4.1.3 Results

This study validates the Dr-Music device in 8 adults and 2 toddlers during an EEG audio-
tactile oddball task.

Audio-tactile Oddball in Adults

How auditory, tactile, and audio-tactile oddball stimuli modulate event-related potentials
(ERPSs) in adult participants was examined. The first analysis assessed attentional processing
by comparing responses to oddball and standard sounds. The cluster permutation analysis
on ERPs reveals a significant negative cluster (p < 0.001), indicating differences between
standard and oddball stimuli responses. As shown in Figure 4.4A, This cluster spans from
258 ms to 392 ms over frontocentral channels, consistent with previous literature where rare
sounds elicit changes in ERP responses during this time window (Tomé et al., 2015).
Specifically, the N2 (250-300 ms) and P3 (300-400 ms) components are implicated in this
attentional process. The oddball sound induces mismatch negativity (MMN) within the P2
component, represented by a negative peak following the N2 (Tomé et al., 2015). In the
second analysis, the influence of multisensory integration (MSI) on attentional processing
was explored by applying the additive model (A+T # AT) to assess interactions between
unimodal and multimodal oddball stimuli. The cluster permutation analysis reveals a
significant negative cluster (p < 0.001) between 144 ms and 212 ms over frontocentral
channels, indicating a non-linear interaction between unimodal and audio-tactile stimuli
within the N1 component (150-200 ms). This finding suggests the presence of the MSI
effect, which was sub-additive, consistent with prior MSI research (Bernasconi et al., 2011;
De Meo et al., 2015; Mercier et al., 2013).
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Figure 4.4. ERP results in the adult’s experiment. (A) shows the ERPs of the standard (blue) and oddball
sound (red). (B) shows the ERPs in the additive model, comparing the auditory + tactile oddball stimuli
(magenta) with the audio-tactile oddball (cyan). The ERPs are averaged across central electrodes. The shade
bands represent the SE. The light grey areas highlight the time windows of the significant differences between
the conditions. The maps represent the topographical distribution of the significant t-values in the comparison
of the two conditions; the crosses represent the electrodes included in the significant negative clusters.

Audio-tactile Oddball in Toddlers

In this second experiment, | assessed the usability of the audio-tactile oddball paradigm
using Dr-MUSIC in young children and evaluated the toddlers' engagement during the
session. The children actively interacted with the device throughout the approximately 40-



4.1 Dr-MUSIC: DRagons for MUItisensory Stimulation in Infants and Children 92

minute experiment, holding the small dragon in their hands. The EEG analysis reveals a
negative cluster (p < 0.001) between 298 ms and 318 ms over central channels (Figure 4.5),
indicating the presence of attentional-orienting processing in the mismatch negativity
(MMN) domain, consistent with findings in similar studies (Choudhury and Benasich,
2011). Notably, no significant clusters are observed when examining the additive model in
uni- and multi-modal oddball stimuli. The absence of a multisensory integration (MSI) effect
aligns with the understanding that this process develops in later stages (Brandwein et al.,
2013). However, further investigations with larger participant groups will be essential to
validate and extend these findings.
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Figure 4.5. ERP results in the toddler’s experiment. The figure shows the ERPs' standard (blue) and oddball
sound (red). The ERPs are averaged across central electrodes. The shade bands represent the SE. The light
grey areas highlight the time windows of the significant differences between the conditions. The maps represent
the topographical distribution of the significant t-values in comparing the two conditions; the crosses represent
the electrodes included in the significant negative clusters.

4.1.4 Discussion of results

This study presents a novel and efficient technological solution for investigating cross-modal
and multisensory development during high-density EEG recordings in young individuals.
The experiments successfully validated the applicability of Dr-MUSIC in EEG recordings
with both adult and toddler participants, effectively capturing changes in brain activity in
response to unattended oddball stimuli, consistent with existing literature. Additionally, I
observe an audio-tactile multisensory integration (MSI) effect in the N1 domain among
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adults but not in children, underscoring the significance of exploring the neural mechanisms
underlying MSI during brain development to delineate the developmental milestones critical
for optimal multisensory processing. Moving forward, | plan to employ our system in both
typically developing children and those with sensory and neurodevelopmental disorders. The
ultimate goal is to identify the onset of developmental deviations in MSI abilities, informing
the design of early intervention strategies.

Notably, ensuring the accuracy and reliability of neuroimaging recordings is paramount
in neuroscientific research. Validating devices during EEG data acquisition plays a crucial
role in enhancing the reliability of results. By validating these devices, researchers can
mitigate potential sources of error or interference. Increasing the reliability of data
acquisition and analysis is critical to detecting early differences in brain and cognitive
development. Although my new device still has to pass many tests to advance and be
considered a medical device, it is important to underline the importance of initial validation
during the acquisition of brain activity. Indeed, as a member of the “reliability working
group” for EEG studies of the “RESPECT 4 Neurodevelopment” network
(https://respect4neurodevelopment.com/activities/another-activity/) it is my duty to
underline that to obtain reliable and reproducible results, responsible behavior, and
validation strategies should be applied at all levels of a research study starting from the
device used. This allows us to advance technologically to obtain increasingly scalable and
customizable devices. In this way, it will be possible to ensure that neurotechnology can be
used in different labs, clinics, or homes and can be tailored to individual children’s needs
and characteristics. Further observations will be discussed in Chapter 5.

The reported data have been partially extracted and adapted from: Bollini AT, Vitali H,
Crepaldi M, Parmiggiani A, Campus C, Lorini C, Gori M. Dr-MUSIC: An Effective Device
for Investigating Multisensory Mechanisms during Development with EEG recordings
(2023). Annu Int Conf IEEE Eng Med Biol Soc. Figures were reprinted with permission ©
2021 IEEE.
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Chapter 5

General discussion

The overall aim of the current Ph.D. project is to investigate how the lack of one sense,
as in the case of blindness, affects the neural mechanisms and multisensory skills
development in early life and specify the role of sleep in constructing a multisensory
representation of the world. To this end, the project involves different studies that compare
the development of neural mechanisms between blind and sighted children. After a general
introduction to brain development and the complexity of the multisensory world (Chapter
1), l'illustrate the evolution of neural mechanisms in childhood during waking and sleeping
stages (Chapter 2) and during spatial multisensory tasks in infancy (Chapter 3).
Subsequently, | report a possible technological solution to investigate these processes in
early life better (Chapter 4). Neurophysiological differences between blind and sighted
children could be interpreted from a broader perspective of a different brain development,
specifically related to thalamocortical activity.

5.1 The thalamocortical network in blindness

In Chapter 2, | investigate the development of brain oscillations during waking and sleeping
stages and how blind children deviate from the typical developmental trajectory. During
wakefulness, the development of alpha activity appears to be one of the primary processes
impacted by blindness (see section 2.1). Specifically, alpha activity appears to progress
similarly in blind and sighted children in their early life, indicating that visual deprivation
may alter or partially suppress the neural processes underpinning alpha activity later in
childhood. This divergence is most noticeable between the ages of 3 and 6, a critical period
for social interactions, spatial exploration, and the development of executive functions
(Bollini et al., 2023; Cappagli et al., 2019, 2017; Houwen et al., 2009, 2007; Sabbagh et al.,
2009). Indeed, when I consider the associations with motor dysfunctions, starting from this
period, lower alpha activity in blind children heightens the likelihood of both motor
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coordination impairment and hypotonia. This supports the hypothesis that a perceptual
deficit resulting from a lack of vision can reduce a person’s capacity to interact with their
external environment, potentially negatively affecting motor development. Notably, the
differences in alpha activity between blind and sighted children, as well as the correlations
with motor disfunction indices, first emerge in the alphal sub-band, followed by alpha2.
This evidence suggests that visual deprivation primarily impacts low-level attention-related
neural processes and only later alters high-level processes related to semantics and memory.

In terms of the underlying neural mechanisms involved in the maturation of alpha activity,
| present in Chapter 1 that alpha waves primarily originate from the thalamocortical network
(Andersen and Andersson, 1968; Andersson and Manson, 1971) and/or cortico-cortical
connections (Pfurtscheller and Lopes da Silva, 1999). However, which of the two networks
is specifically affected by blindness is not fully clear, as well as if the reduced occipital alpha
power in blind children may result from attenuated inhibitory circuits (Sherman and Spear,
1982) and/or from the atrophy of structures involved in the rhythm’s generation. On one
side, the lateral geniculate nuclei (LGN) are known to be atrophied following blindness in
animals (Berman, 1991; Rakic et al.,, 1991) and humans (Breitenseher et al., 1998).
Conversely, an alteration of the neural connections involved in the cortico-cortical network
Is observed in cases of early visual deprivation (Sherman and Spear, 1982). Specifically,
pyramid cells of cortex layer V exhibit intrinsic rhythm-generating properties capable of
producing synchronous alpha waves (Pfurtscheller and Lopes da Silva, 1999). Interestingly,
the pyramidal cells in layer V of the primary visual cortex maintain strong connections to
the superior colliculi (SC), which plays an essential role in controlling eye movements
(Wenzhi and Yang, 2009) and multisensory integration (Stein and Meredith, 1993). In
animals, direct visual input to the SC decreases significantly after congenital visual
deprivation (Vidyasagar, 1978).

Although the results presented here cannot fully elucidate these complex alterations in
neural structures, understanding how the development of alpha activity deviates in blind
children may shed light on these processes. First, alpha activity seems to develop similarly
in both blind and sighted children but diverges notably later on. This finding suggests that a
degenerative process over time, such as atrophy of involved structures or a reduction in
neural inputs to the visual cortex, may be at play rather than an early alteration in the
formation of pyramidal cells. Second, both the shift to faster frequencies in brain activity
and the variations in alpha power with development reflect the maturation of neural
networks. As we grow, the relative alpha power increases, mirroring structural changes in
thalamocortical connectivity, while the overall alpha oscillatory power decreases due to
synaptic pruning processes (Cragg et al., 2011; Mcsweeney et al., 2023; Trondle et al., 2022;
Whitford et al., 2007). Considering that | specifically investigated the relative alpha power,
an absence of its maturation in blind children suggests that developmental processes in the
thalamocortical connectivity may be altered. While recent research indicates that an
alteration of aperiodic brain activity in congenitally blind adults that persists after sight
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restoration is linked to an altered excitatory/inhibitory (E/I) balance in the cortical network
due to a deficit in the functioning of inhibitory interneurons, it is possible that this
mechanism only partially involves the reduced grow of alpha activity (Ossandon et al.,
2023). Indeed, an early disruption in thalamocortical activity could first affect alpha
activity's growth, with subsequent potential repercussions on the excitatory/inhibitory (E/I)
balance.

The findings from my sleep study further bolster the evidence of how blindness can affect
the development of thalamocortical pathways (see section 2.2). Indeed, sleep spindles,
known to mirror the activity of those pathways (Fernandez and Luthi, 2020), demonstrate an
aberrant maturation in blind children, suggesting that vision plays a crucial role in the proper
development of spindle generators. Specifically, the generation of spindles is attributed to
the thalamus (Morison and Bassett, 1945; Timofeev and Steriade, 1996). Within the
thalamus, spindles originate through activating cells in the reticular thalamic nucleus (RTN),
which triggers inhibitory currents in thalamocortical (TC) neurons. This inhibition leads to
a rebound effect in TC neurons, further stimulating the RTN (Bal et al., 1995). Cortical
neurons are stimulated in synchrony by thalamocortical neurons, generating cortical field
potential spindles. However, the cortical network does not merely passively mirror thalamic
spindles; instead, it actively initiates spindle onset, especially during slow oscillations, and
also plays a significant role in their termination (Bazhenov et al., 2001; Bonjean et al., 2011;
Contreras and Steriade, 1996).

While this model is still valid, it does not fully elucidate the mechanisms underlying sleep
spindles, particularly the distinction between slow and fast spindles (Timofeev and
Chauvette, 2013). Indeed, these two types are linked to different generators. Whereas the
traditional thalamocortical mechanism effectively explains the neural process behind fast
spindles, it falls short in elucidating the generation of slow spindles (Ayoub et al., 2013;
Timofeev and Chauvette, 2013). Other mechanisms in the thalamocortical circuits, or
probably in the intra-cortical connections, might be responsible for slow spindle generation.
The specific impact of blindness on the development of fast spindles highlights its effect on
sensorimotor processing during sleep and the involvement of the thalamocortical network.
Notably, differences between blind and sighted infants in high-sigma and high-beta power
emerge from my data as early as three years of age and are correlated with visual impairment
indices. This finding suggests that deviations in brain structure development between sighted
and blind children manifest earlier during sleep than during wakefulness, consistent with the
fact that sleep constitutes a significant portion of an infant's hours. Moreover, the early
association with perceptual indices and the later association with motor functions validate
the hypothesis that alterations in perceptual abilities could precede subsequent motor
difficulties observed in blind children.

Therefore, the sleep study findings support the notion that compromised thalamocortical
maturation may represent the earliest neurophysiological mechanism affected, potentially
leading to future impairments. An impairment in high-frequency spindles' mechanisms could
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also explain why children with blindness start with a slower spindle frequency. It is plausible
to speculate that the slower spindle frequency observed in blind children in their early years
may be linked to processes occurring in their first six months of life, which were not
considered in my study. Previous research has indicated that during the first months of life,
there is a rise in spindle frequency followed by later decreases (D’ Atri et al., 2018; Kwon et
al., 2023; Louis et al., 1992). This increase is likely attributed to enhancing synaptic
connections related to thalamocortical connectivity. A slower spindle frequency observed as
early as 6 months of age in blind children may be associated with an early disruption of this
mechanism.

Overall, both an impairment in alpha activity and sleep spindle development in blindness
might be linked to abnormalities in thalamocortical activity. Given that the thalamus plays a
central role in transmitting sensory information to the cortex, how could altering these
connections affect multisensory processing? Let's step back and consider what occurs after
birth to promote sensory neurodevelopment. Recently, a conceptual framework has been
proposed to integrate prevalent theories on sensory neural development and their connection
to waking and sleeping states (Blumberg et al., 2022).

5.2 State-dependent modulation of sensory
neurodevelopment

The most common framework for understanding sensory neurodevelopment focuses on
spontaneous and intrinsic activity in the sensory periphery or downstream neural structures
(Martini et al., 2021). For instance, spontaneous bursts of activity in the retina, cochlea, or
limbs are believed to shape the development of the visual, auditory, and somatosensory
cortex (Meng et al., 2021). Therefore, the reliable transmission of sensory signals
underscores the crucial role of the periphery in directing and organizing inputs to the
developing brain, which is essential for forming an integrated functional system between the
brain and body.

However, animal studies on the visual system showed that the intrinsic activity within the
primary visual cortex and the lateral geniculate nucleus (LGN) of the thalamus, along with
interactions between these structures, also play a significant role in the scalping of the
sensory pathway (Weliky and Katz, 1999). When peripheral information is removed, all
LGN activity is initially lost, with activity levels gradually recovering over time (Chiu and
Weliky, 2001; Weliky and Katz, 1999). However, the restored LGN activity does not revert
to its original spatiotemporal pattern but reorganizes into a new pattern. This recovery
process of LGN activity following the deprivation of peripheral inputs may reflect a form of
homeostatic plasticity akin to what occurs in other systems when neural input is
experimentally altered (Turrigiano and Nelson, 2004). Furthermore, the inactivation of LGN
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results in a significant reduction (about 90%) in primary visual area activity (Smith et al.,
2018). Beyond the visual system, studies investigating the whisker somatosensory system in
mice also reveal the critical role of thalamic activity in the development of cortical
somatotopy. In the whisker system, mechanoreceptors that transduce whisker movement
transmit somatosensory input across the brainstem to the ventral posteromedial thalamic
nucleus (VPM), which then relays this input to the corresponding whisker representation
area in the primary somatosensory cortex. In adults, the arrangement of whiskers on the
snout is represented by anatomical shapes and functional maps in VPM and somatosensory
cortex. However, the initial development of functional maps in the cortex relies on patterned
inputs originating from the fetal VPM (Anton-bolafos et al., 2019).

In summary, research into the development of the visual and somatosensory systems
reveals a complex interplay of activity among the sensory periphery, thalamus, and cortex,
which collectively contribute to the optimal development of these sensory systems. Building
upon the insights provided in Chapter 1, it is conceivable that this intricate interconnection
may also influence the maturation of alpha activity observed during developmental stages.
Alterations in activity patterns at these levels can result in aberrant developmental outcomes.
Importantly, sensory neurodevelopment is not solely influenced by waking activity but is
also shaped and refined through activity occurring during sleep, highlighting the crucial role
of sleep in neural plasticity and development.

During sleep, an extended neural network is activated, favoring brain plasticity (Brzosko
et al., 2019; Jones, 2020). Sleep-dependent neuromodulation promotes local effects on
specific sensory systems and global effects on overall nervous system function. Both REM
and NREM sleep stages seem to contribute to sensory plasticity. Synaptic pruning, a crucial
process in early neural development, contributes to modeling neural circuits during sleep,
although the exact mechanism by which stable circuits are defined remains incompletely
understood. In the first months of life, REM sleep enhances functional connectivity in distant
sensorimotor structures through synchronous oscillatory activities, such as hippocampal
theta rhythm. This rhythm is closely linked to neural plasticity (Boyce et al., 2016; Puentes-
Mestril et al., 2019). Early in life, it first emerges as short bursts in response to contractions
(Mohns and Blumberg, 2008). Moreover, contractions also trigger spindle activation in the
somatosensory cortex of neonatal rats and premature human infants (Khazipov et al., 2004;
Milh et al., 2007). Spindle bursts, characterized by short thalamocortical oscillations with a
dominant frequency of 15 Hz, have been observed in sensory and motor cortical regions in
response to sensory inputs (Hanganu et al., 2006; Tiriac et al., 2022). The period of
prominent spindle production also overlaps with a period in which whisker somatotopic
maps are refined in mice (Mitrukhina et al., 2015), while in mammals, these spindle bursts,
also known as delta brushes in human infants, are recognized features of early cortical
development (Murata and Colonnese, 2019).

Although spindle bursts play a crucial role in early cortical development, their
significance diminishes rapidly. In human newborns, spindle bursts vanish by the end of the
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first postnatal month (Whitehead et al., 2018). Subsequently, another thalamocortical
oscillation emerges during non-REM sleep, known as sleep spindles, characterized by a
similar dominant frequency (12—15 Hz) as spindle bursts but with specific associations with
NREM sleep (Sokoloff et al., 2021; Wakai and Lutter, 2016). Sleep spindles are strongly
linked to neural plasticity, including sensorimotor and visual plasticity, across development
and throughout the lifespan of humans and rodents (Fernandez and Lthi, 2020; Menicucci
et al., 2022). Additionally, limb contractions in human infants are not exclusive to REM
sleep; they also occur during NREM sleep, starting around 3 months of age (Sokoloff et al.,
2021). Furthermore, NREM sleep becomes increasingly abundant in sleep spindles around
this age, particularly in the sensorimotor cortex. Notably, arm and leg contractions during
NREM sleep synchronize with sleep spindles. Besides the previously understood
contractions during REM sleep, there's another noteworthy occurrence: contractions
coincide with the NREM sleep component, fostering plasticity. This discovery unveils a
novel type of sleep-dependent sensorimotor plasticity that emerges after some months of
life.

Indeed, a more articulated system may emerge that incorporates the sleep-mediated
reprocessing of multisensory and sensorimotor memories acquired during wakefulness.
Studies on songbirds show that they can learn their distinct songs through a sophisticated
process of memorization and sensorimotor learning facilitated by NREM sleep. Juvenile
birds initially produce highly variable vocalizations, then memorize a song model provided
by an adult "tutor,” and gradually refine their singing performance by comparing auditory
feedback with the memorized model. During this period of sensorimotor learning, neural
activity during sleep plays a pivotal role (Giret, 2019). Similarly, NREM sleep facilitates the
learning and imprinting visual characteristics of biologically relevant stimuli in newly
hatched chicks (Jackson et al., 2008). Hence, in both songbirds and chicks, sleep serves as a
crucial context for sensorimotor and visual system plasticity, respectively. Sleep-dependent
learning and memory processes can enhance developmental neural plasticity, facilitating the
functional integration of the brain and body (Rasch and Born, 2013). Although the
mechanisms by which salient multisensory experiences are consolidated into long-term
memories are not completely clarified, it is well established that a hippocampus-thalamus-
cortex circuit is involved in this function, coordinating synaptic plasticity timescales during
NREM sleep (Latchoumane et al., 2017; Tomé et al., 2022). The activity of this network at
the cortical level appears associated with both sleep spindles and slow waves (Miyamoto,
2023; Rothschild, 2019).

5.3 The role of vision for sensory neurodevelopment

Overall, the evidence outlined in the previous subchapter highlights the pivotal role of the
thalamocortical axis in developing sensory systems, with its activity during sleep fostering
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their shaping, possibly incorporating sensory memories from everyday experiences.
However, the specific mechanisms through which sleep facilitates this plasticity remain
largely unknown. To shed light on these mechanisms in the context of this thesis, | conducted
a preliminary study based on the hypothesis that NREM sleep activity could accentuate the
sensory disparities observed in sighted children compared to blind infants during the early
years of life.

Sighted children appear to prioritize auditory over tactile information when localizing
stimuli, whereas blind children exhibit the opposite behavior (Gori et al., 2021). This
preference for tactile over auditory spatial information in blind children may stem from the
absence of vision, resulting in a more limited sensory framework for orienting to distant
stimuli. Moreover, some aspects of spatial perception in visual deprivation may arise
indirectly from multisensory differences rather than solely from the absence of vision. The
bias towards responding to tactile rather than auditory stimuli could also lead to more
reliance on body-centered coordinates and features. Thus, this differential weighting of
sensory modalities could contribute to the challenges faced by blind children in remapping
information within internal and external spatial coordinates, as discussed in section 3.1.
Indeed, the ability to remap stimuli on the external reference frame emerges from the
interplay between our senses and environmental interactions and requires several years to
develop (Roder et al., 2014; Ruggiero et al., 2016). Specifically, the maturation of the visual
system favors the shift from body to external coordinates to represent the space (Bremner et
al., 2013). The absence of visual experience seems to prioritize bodily stimuli (i.e., tactile
perception) and maintain a body-centered reference system as a default.

As previously explained, NREM sleep reinforces the most salient sensory information
relevant to waking experiences. Visual information may be paramount in sighted individuals,
while tactile information assumes greater importance in blind infants. However, in the
absence of vision, sighted children may prioritize acoustic information during sleep, as they
are already oriented towards interacting with the external environment. Therefore, synaptic
pruning processes during sleep may strengthen tactile information in the blind and acoustic
information in the sighted, reflecting their respective sensorial salience in daily experiences.
To validate this hypothesis and deepen our understanding of the role of sleep in sensory
plasticity, | conducted a preliminary study investigating the modulation of pre- and post-
sleep alpha activity in response to both an audio stimulus and a tactile stimulus presented to
the infant’s hand (See section 3.2.). The preliminary findings support my hypothesis,
suggesting that in visually impaired infants, sleep enhances tactile responses more than
auditory ones, while the opposite occurs in sighted infants. These disparities likely arise from
the differing significance of auditory and tactile stimuli in blind versus sighted children. The
increased emphasis on tactile information, reinforced during sleep, might drive structural
and functional changes within the thalamocortical network following congenital visual
deprivation (Lin et al., 2022). Indeed, such deprivation induces plastic changes in this
network. Specifically, the visual thalamus exhibits smaller volume in blind children than in
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sighted ones, though it increases with experience. Conversely, the somatosensory thalamus
shows a larger volume in blind children, tending to decrease with age. These changes could
be associated with reallocating visual thalamic function to process tactile information with
experience. Indeed, a cross-sensory reorganization is also evident in thalamocortical
connections, with visual deprivation impacting the development of functional connections
between the somatosensory thalamus and "visual™ cortical regions. In childhood, blind
children demonstrate weaker connectivity compared to sighted children, yet synchronization
between structures increases in blind adults, leading to heightened connectivity. These
results align with animal studies showing that congenital enucleation in rodents prompts the
visual cortex to receive input from thalamic nuclei associated with somatosensory and
auditory cortices (Chabot et al., 2007; Karlen et al., 2006). However, further analyses
exploring the relationship between sleep microstructure and responses to sensory stimulation
while awake could elucidate the role of thalamocortical connections in sensory information
consolidation.

5.4 Concluding remarks and technological perspectives

The current thesis aims to investigate how blindness affects the brain and sensory
development, highlighting significant alterations in congenital visual deprivation, which
leads to deviations from typical developmental trajectories. These alterations do not only
affect wakefulness but also deeply involve sleep, suggesting a common underlying
mechanism. | propose the thalamocortical network as a possible mediator of these
alterations. Indeed, these structures during sleep are implicated in consolidating salient
experiences, reflecting the blind child's tendency to prioritize tactile over auditory
information, contrasting with the sighted child. The observed sensory differences in blind
children elucidate certain behavioral traits. Firstly, the bias for tactile over auditory stimuli
may result in a heightened reliance on body-centered coordinates (Gori et al., 2021; Rigato
et al., 2014). This could compromise the ability to perceive limb position in space and
correctly remap sensory information into a broader external reference frame. Secondly, the
lack of visual input from birth and the increased emphasis on tactile information may limit
blind children's spatial exploration of their bodies, thereby reducing interaction with the
external environment. This behavior affects spatial perception and diminishes opportunities
for social interaction with peers (Bollini et al., 2023; Cappagli et al., 2019, 2017). Lastly,
diminished environmental interaction may contribute to motor impairment over time
(Cappagli etal., 2019; Esposito et al., 2021; Houwen et al., 2009, 2007). My findings suggest
that mechanisms governing brain oscillations during wakefulness and sleep could contribute
to these effects. Recent evidence indicates that spindles not only reflect thalamocortical
activity but also actively participate in thalamocortical network maturation (Schoch et al.,
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2021; Sokoloff et al., 2021), hypothesizing a reciprocal cause-and-effect relationship
between the maturation of the spindles and our sensorimotor skills.

These findings not only hold significant importance from a neuroscientific perspective,
shedding light on the functional changes in the brain during development and in cases of
visual deprivation, but they also offer intriguing insights into technological advancements.
Technology plays a dual role in this domain. On one side, it provides tools for assessing
functions and understanding the underlying brain mechanisms behind behavior. On the other
side, comprehension of aberrant brain functions can spur technological innovations to
improve some behaviors and potentially induce plastic changes at the brain level. This thesis
focused on developing technology that favors a deeper understanding of the brain
mechanisms in children during EEG recordings. However, the implications of the results
extend beyond academic research. They may have many repercussions for rehabilitation
strategies following sensory loss. First, they may have repercussions in terms of timing
interventions. Indeed, multiple sensitive periods were identified here for optimal brain
development. Furthermore, these findings suggest new therapeutic possibilities by
considering both waking and sleeping periods as potential intervention windows. For
instance, future technologies could explore multisensory stimulations during sleep as part of
rehabilitative programs to enhance impaired abilities in visually impaired children. This
innovative approach holds promise for improving outcomes in sensory rehabilitation and
fostering neuroplasticity in affected individuals. Finally, the technology I have developed
provides a tool to assess and validate rehabilitation processes mediated by intervention
training. This enables us to evaluate behavioral aspects and uncover neural correlates,
thereby gaining deeper insights into the mechanisms targeted by rehabilitation interventions.
This integrated approach, cyclically bridging basic science, technological development, and
rehabilitation, epitomizes what is known as "responsible technology."
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